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ABSTRACT 
The Use of a Modified Hess’ Cognitive Rigor Matrix to Assess Students’ Depth of 
Knowledge in Key Concepts of Gas Stoichiometry and Chemical Equilibrium 
by 
Maria Greene 
Advisor: Wesley Pitts 
The research presented as part of this dissertation is a combination of two separate 
studies conducted to assess and evaluate undergraduate general chemistry students’ 
understanding and depth of knowledge (DOK) of concepts in gas stoichiometry and 
chemical equilibrium. The two separate studies were conducted using a modified Hess 
Cognitive Rigor Matrix (CRM) to analyze students’ responses to multiple-choice 
questions (MCQ) and their written rationales to their answer choices. The Hess Cognitive 
Rigor Matrix, which is an incorporation and coordination of both Bloom’s and Webb’s 
DOK taxonomies, allowed the facilitation of the opportunity to code students’ written 
responses across the four levels of Webb’s DOK taxonomy. The major focal point of 
these studies was the assessment and evaluation of students’ written responses to their 
MCQ answer choices in order to better provide an insight into the level of each student’s 
understanding of the gas stoichiometry and chemical equilibrium concepts and any 
misconceptions they might hold. 
The first study employed the use of the Hess’ CRM to determine undergraduate 
chemistry students’ (N = 38) DOK and any misconceptions they might have held about 
gas stoichiometry concepts. Informed by the first study, the second study employed the 
same method to determine undergraduate chemistry students’ (N = 261) DOK and 
v 
misconceptions about concepts of chemical equilibrium. For the second study, 
unstructured interviews were also conducted (after students completed the pre and post 
questionnaires) with one focus group, to further investigate students’ written explanations 
to their MCQ answer choices.  Participants in these two separate studies were students 
enrolled in a one-semester undergraduate level general chemistry course at one 
community urban college for the first study, and four community and three senior urban 
colleges for the second study. Greater than 95% of participants in each study were either 
science or engineering majors.   
The findings from these two separate studies show independently that what 
students know, how much they know and misconceptions they might have held were not 
readily detected by their responses to the multiple-choice questions. Data analysis from 
both studies show that some students’ correct MCQ answer choices were supported by 
their incorrect explanations of gas stoichiometry and chemical equilibrium. Additionally, 
different degrees of misconceptions were detected within their written rationales for 
many of their correct answer choices. 
The findings from these two separate studies suggest that assessment methods that 
are solely comprised of MCQ do not give instructors insight into students’ DOK or 
uncover any misconceptions they might hold of the concept(s) being assessed for. 
Additionally, the results of these two studies highlight the need for an assessment and 
evaluation method such as the one used in this research to better determine students’ 
DOK of chemical or other science concepts and detect any misconceptions they might 
hold of the concept(s) being assessed for. 
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My Undergraduate Teaching Experience 
Some years ago, while grading an undergraduate chemistry exam, I observed that 
some of my students were able to choose the correct answer choice to multiple-choice 
questions (MCQ) and algorithmically solved for a variable but struggled on questions that 
required them to produce a constructed written response that asked them to indicate the 
reason for their answer choice. The exam included conceptual MCQs that did not involve 
algorithmically solving for a variable; questions that required a constructed response, 
such as writing a brief response to explain the chemical phenomenon; and questions to be 
solved algorithmically. Over the years, as an undergraduate chemistry instructor, each 
semester my students’ responses to questions on similar exams often revealed that they 
struggled with understanding new concepts particularly chemical phenomenon that 
involved gas stoichiometry and chemical equilibrium. Gas stoichiometry and chemical 
equilibrium are the two topics in which my students displayed the most conceptual 
misunderstanding and vernacular misconceptions. Although vernacular misconceptions 
can be easily remedied, where a word for example, equilibrium, used in chemistry can 
undertake a different meaning in a student’s everyday life. Conceptual misunderstandings 
of chemical phenomenon on the other hand limit students from learning new concepts, 
(NRC, 1997). The phenomenon of gas stoichiometry and chemical equilibrium is 
particularly difficult for my students to understand. Students’ misconceptions of gas 
stoichiometry and chemical equilibrium have been researched (Bondarev et al 2012; 
Huddle and White 2000; Paiva et al. 2002; Sandberg and Bellamy 2004; Zieliński & 
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Przybylski, 2012) and documented at the high school and undergraduate level in 
chemistry and different methods of assessment have been employed to uncover 
misconceptions such as those highlighted in chapters three and four of this dissertation. 
Authors (Mullen & Schultz, 2012) suggest that the problem with many of these 
assessments is that they do not accurately give much insight into what students know and 
how much they know about chemical concepts that they are taught. There is need for a 
more effective way to assess students understanding of concepts taught. For this reason, I 
have undertaken two separate studies for this research to develop an assessment method 
that can authentically analyze what students know and how much they know about gas 
stoichiometry and chemical equilibrium. The assessment method used in these two 
studies can also be used in other areas of chemistry and science discipline in order to 
determine what students’ know and how much they know of the chemical or science 
taught to them.  
 
Purpose of Studies and Research Questions 
The research presented as part of this dissertation includes two separate studies 
that involved the use of a modified assessment method to determine students’ depth of 
knowledge (DOK) and misconceptions of gas stoichiometry and chemical equilibrium 
concepts. The first study explored the use of the modified Hess Cognitive Rigor Matrix to 
better analyze students’ DOK of concepts of gas stoichiometry and to detect any 
misconceptions they might have held. Lending on the success of this first study, the 
second study employed this same assessment method to determine students’ DOK and 
any misconceptions they might of held of concepts involving chemical equilibrium. This 
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The research questions that were addressed in the two separate studies are as follows:  
1) How can the depth of knowledge (DOK) and students’ constructed responses be 
used to assess students’ depth of understanding in gas stoichiometry and chemical 
equilibrium? 
2) What were some of the misconceptions that students in the study exhibited during 
the process of learning concepts in gas stoichiometry and chemical equilibrium? 
The following sections of this chapter include the literature review that is relevant 
to this research and will conclude with a brief description of the next four chapters of this 
dissertation.  
 
Students’ Misconceptions  
The National Research Council (NRC), (2012) and most Discipline-based 
Education Research (DBER) define students’ misconceptions as explanations or 
understanding that differ from scientifically accurate concepts.  Such misconceptions in 
the understanding of chemical concepts and chemical phenomena have been observed in 
college students by chemistry educators and can be resistant to change (Christopher 
Smith & Villarreal, 2015; Erceg, et al., 2016; Ayyildiz, Y., & Tarhan, 2013; National 
Research Council, 2012).  Chemistry instructors often recognize that there are particular 
concepts and related topics that students find difficult to understand, (Becker & Cooper, 
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2014; Ozmen, 2008; Stefani & Tsaparlis, 2009; Tyson et al., 1999). Research 
(Lamichhane et al, 2018; Ozmen, 2008; Palmer, 1999, 2001; Posner et al, 1982; Taber, 
2000), show that misconceptions such as conceptual misunderstandings are not as easy to 
remedy because if students’ knowledge are comprise of misconceptions, then the students 
tend to build new knowledge based on their already held misconceptions. Christopher 
Smith & Villarreal, (2015), showed that misconceptions in the understanding of chemical 
concepts and chemical phenomena have been observed by chemistry educators in college 
students. Students often struggle with new concepts that are presented to them because 
they draw upon their misconceptions or alternate conceptions (Piquette & Heikkinen, 
2005), which are often times inaccurate or incomplete (Cooper et al, 2013; Nakhleh, 
1992). In a population of undergraduate freshmen enrolled in an introductory general 
chemistry course, Tsoler, (1996) found that at the root of many of their misconceptions 
often lie on an incomplete understanding of the complicated, abstract and, sometimes 
non-intuitive explanations of chemical phenomena.  
 
Students’ Difficulties in the Understanding of Gas Stoichiometry and Chemical 
Equilibrium 
Some studies (Beall and Prescott 1994; Comley-Moss 1995; Lin et al 1996; 
Madden et al, 2011; Nakhleh and Mitchell 1993; Niaz, 1998, 2000; Niaz and Robinson 
1992, 1993; Noh and Scharmann 1997; Nurrenbern and Pickering 1987; Pickering 1990; 
Sawrey 1990) have looked at students’ conceptual understanding of the behavior of 
gases. Some of these general concepts, which are also covered in my research, include 
students’ understanding of the number of moles of a gas in relation to its volume (Kautz 
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et al, 2005), analysis of the pressure of a gas and the density of a gas in relation to kinetic 
energy (Ashkenazi eta al, 2008). One of the underlying issues that students encounter 
with concepts of gas and the laws that govern them, is the connection between and 
interpretation of the macroscopic and microscopic aspects of gases. A study done by 
Kautz et al (2005), shows that undergraduate college students and PhD physics students 
had difficulty understanding how the microscopic and macroscopic relate to each other. 
These findings are corroborated by other studies (Benson et al., 1993; Gabel, 1990; 
Griffiths, 1994; Harrison and Treagust, 2002; Kousathana and Tsaparlis, 2002), which 
show that undergraduate chemistry students and as well as instructors exhibit difficulty in 
connecting the microscopic and macroscopic levels. Students will need to understand the 
relationship between the macro and micro levels in order to conceptually understand the 
behavior of gases.  
Yildirim et al (2011), also emphasize that students need to visualize the 
connection between the macro and micro levels to understand the concepts of chemical 
equilibrium. Analogous to students’ difficulty to understanding the behavior of gases, 
research (Hackling & Garnett, 1985; Huddle and White 2000; Paiva et al. 2002; Sandberg 
and Bellamy 2004; Van Driel et al, 2002; Wheeler & Kass, 1978) shows that students 
also exhibit very little conceptual understanding of chemical equilibrium, which is 
considered to be the more difficult topic for students to comprehend. Research (Hackling 
& Garnett, 1985; Gorodetsky & Hoz, 1985; Bergquist & Heikkinen, 1990; Huddle & 
Pillay, 1996; Thomas & Schwenz, 1998; Voska & Heikkinen, 2000; Chiu et al., 2002; 
Kousathana & Tsaparalis, 2002; Akkuş et al., 2003; Piquette & Heikkinen, 2005) 
highlights the main topics of chemical equilibrium that students exhibit the most 
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misconceptions of and difficulty in understanding, are Le Chatelier’s principle, the 
equilibrium constant, heterogeneous systems and homogeneous systems that involve 
gases.  
 
Why the Studies of Gas Stoichiometry and Chemical Equilibrium 
For chemical systems at equilibrium, where a system can be homogenous (gas or 
aqueous) or heterogeneous (gas, liquid, solid or aqueous), only chemical species in their 
aqueous and gas phases are considered. Therefore, the concepts of chemical equilibrium 
and gas stoichiometry are interwoven in the sense that for a chemical system that 
involves gases, students will need to have a good understanding of relationships between 
the number of moles, volume, temperature and pressure variations and their effects of the 
shifts of that system at equilibrium. Paiva & Gonçalves (2008) in their study of the 
addition of gases at constant volume and temperature to a system at equilibrium, show 
that students had difficulty in understanding the effects of the added gas on the system.  
Other studies (Kolomuc & Tekin, 2011; Mayer, 2011; Xu et al., 2017) have also been 
conducted at grades K through 12 and at the college level to uncover and address 
students’ misconceptions in science. Many of these studies have implemented multiple 
choice test (MCT), including the use of two-tier questioning, or true or false questioning 
as assessment tools to detect students’ misconceptions in chemistry and other disciplines 
in science (Chandrasegaran et al., 2007; Chu et al., 2010; Tyson et al., 1999).  
 
Multiple Choice Test as an Assessment Method 
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MCT is still widely used as a means of managing large class sizes (Hadenfeldt et 
al., 2013), although studies (Desjardins et al., 2014; Douglas et al., 2012; Federer et al., 
2015; Kuechler & Simkin, 2010; Lin & Hartman, 2011; Liu et al. 2011; Mullen & 
Schultz, 2012; Nehm & Ha, 2011; NRC, 2011; Yan & Subramaniam, 2018) show that the 
sole use of MCT does not adequately measure students’ conceptual understanding and 
detecting students’ misconceptions. Additionally, studies (Heckler & Scaife, 2014; 
Kahneman, 2003; Koretsky et al, 2016) show that students’ answer choices to MCQ may 
not be based on sound scientific reasoning; instead their answer choices may be due to a 
guess or intuition. The sole use of MCQ as an assessment method does not identify 
students’ depth of knowledge (DOK) of the chemical concepts tested.  
It is important to identify what students know, how much they know and any 
conflicting ideas that they may hold that is contrary to normative scientific explanations 
(NRC, 2012; Cooper et al, 2013) in order to help them attain a deeper understanding of 
content within a specific discipline. The use of multiple levels of assessment can be 
valuable in providing a more extensive understanding of students’ knowledge of content 
within a discipline, (Caleon & Subramanian, 2010; Gunckel et al, 2012; Raven, 2015). 
This is corroborated in the NRC (2012) report, Discipline-Based Education Research: 
Understanding and Improving Learning in Undergraduate Science and Engineering, 
which cites that Discipline-Based Education Some DBER scholars employ multiple 
assessment tools and research methods to gain deeper insights into students’ conceptual 
understanding of content knowledge. Although these findings emphasize the importance 
of multiple levels of assessment to determine students’ understanding of concepts, many 
studies (Chandrasegaran et al., 2007; Chu et al., 2010; Hadenfeldt et al., 2013; Treagust, 
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1986; Treagust et al., 2011; Tyson et al., 1999) implemented MCT, including the use of 
two-tier questioning, or true or false questioning as assessment tools to detect students’ 
understanding or misconceptions in disciplines in science. Treagust et al., (2011) and 
others (Gunckel et al, 2012) also advocated for use of MCT along with other types of 
assessments. 
Some studies (Kolomuc & Tekin, 2011; Mayer, 2011; Xu et al., 2017) have been 
conducted at grades K through 12 and at the college level to uncover and address 
students’ misconceptions in science and many have implemented MCT, including the use 
of two-tier questioning, or true or false questioning as assessment tools to detect students’ 
misconceptions in chemistry and other disciplines in science (Chandrasegaran et al., 
2007; Chu et al., 2010; Hadenfeldt et al., 2013; Treagust, 1986; Treagust et al., 2011; 
Tyson et al., 1999). The two-tier multiple choice format of assessment has been 
developed and used by Treagust (Tan et al, 2002; Treagust, 2007) and adopted by other 
educators (Campbell, 1999; Chandrasegaran et al., 2007; Mutlu & Sesen, 2015) to check 
for undergraduate students’ understanding of various chemical concepts such as 
macroscopic, submicroscopic and symbolic representations in understanding 
concentrations of solutions, covalent bonding and structure, intermolecular forces in 
gases and liquids, etc. Both tiers are in the multiple- choice format where the first tier 
contains alternative answers to the concepts tested and the second tier contains choices to 
justify the response to the first tier (Yan & Subramaniam, 2018). However, Lin & 
Hartman (2011) noted that using these types of questioning solely as assessment tools 
typically does not lend much insight into the students’ fundamental understanding of the 
material covered in the curriculum. Additionally, Desjardins et al. (2014) cautioned that, 
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MCT, including two-tier questioning could direct students to the correct response as a 
result of positive cueing, while Kuechler & Simkin (2010) noted that the MCT 
assessment method does not require students to construct their own answers. In two-tier 
MCT test, it is still difficult to determine if students’ answer choices in both tiers are due 
to guessing, a lack of understanding or misconceptions (Caleon & Subramanian, 2010). 
In order to help address some limitations of the two-tier MCT methodology a third and a 
fourth tier MCT format that incorporated confidence and certainty scales, were developed 
(Caleon & Subramaniam 2010; Kirbulut & Geban, 2014; Yan & Subramaniam, 2018). 
The use of these multi-tiered methods has its limitations in the sense that a student’s 
indication of low confidence to an incorrect response may reflect a lack of knowledge 
and not necessarily a misconception (Yan & Subramaniam 2018). Douglas et al. (2012) 
concluded that, in general, multiple-choice questions are more effective in measuring 
students’ understanding when combined with other assessment methods such as 
explanatory writing. Yan & Subramaniam (2018) suggested that required written 
response would allow for the detection of gaps in students’ understanding of the content. 
For this reason, MCT as the sole method of assessment was not employed for my two 
studies because it does not allow students to demonstrate the depth of their knowledge or 
understanding (Mullen & Schultz, 2012), nor effectively detect students’ misconceptions 
(Desjardins et al., 2014; Lin & Hartman, 2011).  
 
Explanatory Writing to Learn Science 
Studies (AAAS 1994, 2011; Duschl et al. 2007; Federer et al, 2015; NRC 1996, 
2012) show the emphasis on engaging students in scientific explanation, which is a 
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central focus on science education. Students’ explanations through writing, allows for the 
instructor to identify and address misconceptions that students may have in chemistry 
(Beall 1994). In addition to identify students’ misconceptions, writing as some studies 
(Reynolds et al, 2012; Sherwood & Kovac, 1999; Wilson, 1994;) have shown, increases 
students’ learning in science by helping them engage in more rigorous cognitive 
demands. In their study, Koretsky et al. (2016) found that the influence of encouraging 
students’ written explanations has a positive effect on students’ answers.  Clariana (2003) 
also suggests that eliciting a deeper processing of content that is more elaborate than the 
familiarity of answer choice for MCT. For this reason multiple-choice questions were 
coupled with a required written response at the end of each question. The required written 
response will allow for us, as Yan & Subramaniam (2018) suggested, to detect gaps in 
students’ understanding of the content. Also, detecting these gaps or identifying students’ 
misconceptions through writing can prompt a change in curriculum design and in an 
instructor’s pedagogy to teaching chemical concepts. Federer et al, (2015) suggests that 
an effective assessment method is needed to analyze students’ knowledge of scientific 
content through their explanations.   
For this dissertation, I used a method of assessment that draws relationships 
between concepts in chemistry, students’ cognitive demands, what they know, how they 
know and how much do they know. The method employs a superposed model of Bloom’s 
taxonomy and Webb’s depth of knowledge. This model was designed by Karin K. Hess 
to evaluate the complexity and level of questioning encountered by students of all grade 
levels. I have further modified Hess’ model to both generate levels of questions and 




Hess’ Cognitive Rigor Matrix: Bloom’s and  
Webb’s Depth of Knowledge 
Bloom constructed a cognitive taxonomy to categorize a hierarchy of cognitive 
domains and complexity that students are often asked to engage in during learning 
activities (Bloom et al., 1956). These domains are categorized by action verbs that are 
associated with each level in the taxonomy. Over the years, Bloom’s Taxonomy has been 
revised (Anderson et al., 2001) and used to assign the intended cognitive domains 
(complexity) to test questions (Hess et al, 2009) and also to assign cognitive domain to 
questions that instructors use to formatively assess students in the classroom (Ziegler & 
Montplaisir, 2012). For example, Tosun & Taskesenligil (2013) used the Bloom’s 
Revised Taxonomy (Table 1.1, Hess et al., 2009) to categorize the cognitive domain 
associated with each question on a general chemistry undergraduate academic 
achievement test on solutions and physical properties. Webb revised (Table 1.2, Hess et 
al., 2009) and then used Bloom’s Taxonomy to reflect four different levels in which 
students can demonstrate their level of understanding of the content (Depth of 
Knowledge). Webb’s Depth of Knowledge (DOK) taxonomy focused, not only on the 
cognitive demand required, but also on how students used their content knowledge to 
demonstrate understanding in the assigned cognitive domain.  
Hess (2009) and her colleagues also noted that Bloom’s Taxonomy is a one-
dimensional approach to categorizing complexity of content that categorizes the cognitive 
skills required of the brain to perform a task. Hess brought both the work of Bloom and 
the work of Webb together to develop the ‘Cognitive Rigor Matrix (CRM)’. Hess’ Rigor 
12 
 
Matrix is a superposed model of Bloom’s Taxonomy and Webb’s DOK (Hess et al., 
2009).  The revised CRM (see Table 1.3) was constructed to relate the cognitive demands 
(Bloom’s Taxonomy), see left column, required to complete a particular assessment and 
the DOK (Webb’s Taxonomy), right columns, of the content needed to be demonstrated 
on the corresponding assessment. Hess and her colleagues have used the CRM to analyze 
the intended complexity of the content of questioning submitted by 200 K-12 teachers. 
The results of the effort were used to inform teachers how to engage students in more 
rigorous classroom assessments that contain a greater range of cognitive demands. The 
Hess’ CRM have been adopted by the New York City Department of Education to help 
guide educators in designing lessons and implementing effective questioning strategies 
that can encourage higher-level student thinking (Hess, et al., 2009). Other taxonomies 
such as the Structure of the Observed Learning Outcomes (SOLO), which is used in 
colleges was constructed as an alternative to Bloom’s. 
The Structure of the Observed Learning Outcomes (SOLO) is another taxonomy 
created by Biggs and Collis (1982) for evaluating student’s learning and performance in 
assessment question, including assessment that require written response assessment. Like 
Bloom’s Taxonomy, SOLO (Table 1.4) is a hierarchical model that also measures the 
cognitive dimension. SOLO uses five categories to measure the cognitive dimension of 
students’ thinking, while the revised Bloom’s Taxonomy uses six categories to measure 
both what students know and how much they know (Mustafa, 2017).  In an exploration of 
different educational taxonomies, Chan et al (2002) discovered conceptual ambiguity for 
SOLO in the categorizing of students’ responses. However, they also noted that when 
compared to other educational taxonomies, such as Bloom’s, reviewers could not decide 
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upon which taxonomy was more effective in assessing students’ responses. In this study, 
I explored what students know and how they know. For this reason, I have adopted and 
modified Hess CRM (Table 1.3), which incorporates the revised Bloom’s Taxonomy and 
Webb’s DOK, and developed additional categories (Table 1.3) of Hess’ CRM to analyze 
the students’ responses to the questionnaires. In addition, I selected CRM to explore the 
depth of student knowledge, according to Webb’s classification, illustrated within each 
category of revised Bloom’s cognitive level.  
Table 1.1: The Revised Bloom’s Taxonomy Cognitive Process Dimensions. 
Remember 
Retrieve knowledge from long-term memory, recognize, recall, locate, identify 
Understand 
Construct meaning, clarify, paraphrase, represent, translate, illustrate, give examples, classify, categorize, 
summarize, generalize, infer a logical conclusion (such as from examples given), predict, 
Compare/contrast, match like ideas, explain, construct models (e.g.’ cause-effect) 
Apply 
Carry out or use a procedure in a given situation; carry out (apply to a familiar task), or use (apply) to an 
unfamiliar task 
Analyze 
Break into constituent parts, determine how parts relate, differentiate between relevant-irrelevant, 
distinguish, focus, select, organize, outline, find coherence, deconstruct (e.g., for bias or point of view) 
Evaluate 
Make judgments based on criteria, check, detect inconsistencies or fallacies, judge, critique 
Create 
Put elements together to form a coherent whole, reorganize elements into new patterns/structures, generate, 
hypothesize, design, plan construct, produce for a specific purpose 
 
Table 1.2: Webb’s depth-of-knowledge (DOK) levels.  
Level Description 
DOK-1 Recall & Reproduction — Recall a fact, term, principle, or concept; perform a routine procedure. 
DOK-2 
Basic Application of Skills/Concepts — Use information, conceptual knowledge; select 
appropriate procedures for a task; perform two or more steps with decision points along the 
way; solve routine problems; organize or display data; interpret or use simple Figures. 
DOK-3 
Strategic Thinking — Reason or develop a plan to approach a problem; employ some 
decision-making and justification; solve abstract, complex, or non-routine problems, 
complex. (DOK-3 problems often allow more than one possible answer 
DOK-4 
Extended Thinking — Perform investigations or apply concepts and skills to the real world that 
require time to research, problem solve, and process multiple conditions of the problem or task; 




Table 1.3: Modified Hess’ Cognitive Rigor Matrix: Applying Webb’s Depth-of-Knowledge Levels to    
               Bloom’s Cognitive Process Dimensions. 
Revised Bloom’s Taxonomy Webb’s DOK 
Depth & Thinking 
Level 1 
Recall and Reproduction 
Level 2 
Skills & Concepts 
Level 3 
Strategic Thinking Reasoning 
Remember (1) 
Retrieve knowledge from 
long-term memory, recognize, 
recall, locate, identify 
o Recall, recognize, or 
locate basic facts, details 
events, or ideas explicit 
in text 
  
Remember (1a)  
Unable to retrieve knowledge 
from long-term memory, 
recognize, recall, locate, 
identify 
o Unable to recall, 
recognize, or locate basic 
facts, details events, or 
ideas explicit in texts. 
  
Remember (1b) 
Retrieve knowledge from 
long-term memory 
o Recall basic information 
but unable to make sense 
of ideas explicit in texts. 
  
Understand (2) 
Construct meaning, clarify, 
paraphrase, represent, 
translate, illustrate, give 
examples, classify, categorize, 
summarize, generalize, infer a 
logical conclusion, predict, 
compare/contrast, match like 
ideas, explain. 








o Describe what, when, 
how. 
o Define/describe facts, 
details, terms, principles 
o Write simple sentences. 
o Specify, explain, show 
relationships; explain 
why, cause-effect 
o Give non-examples 
o Summarize results, 
concepts, ideas 
o Make basic inferences or 
logical predictions from 
data or texts 
o Identify main ideas or 
accurate generalizations 
of texts 
o Locate information to 
support explicit-implicit 
central ideas. 
o Explain, generalize, or 
connect ideas using 
supporting evidence 
(quote, example, text 
reference) 
o Identify/make inferences 
about explicit or implicit 
themes 
Analyze (3) 
Break into constituent arts, 
determine how parts relate, 
differentiate between relevant-
irrelevant, distinguish, focus, 
select organize, outline, find 
coherence, deconstruct 
o Identify whether specific 
information is contained 
in graphic representations 
(e.g., map, chart, table, 
Figure, T-chart diagram) 
o Categorize/compare 





o Analyze information 





o Use reasoning and 
evidence to support 
inferences. 
 
Table 1.4: SOLO Taxonomy 
SOLO Level Characteristics of Levels Sample Verbs Indicating Levels of Understanding 
Prestructural Incompetence Fail, incompetent, misses the point 
Unistructural One relevant aspect Identify, name, follow simple procedure 
Multistructural Several relevant independent aspects Combine, describe, enumerate, perform serial skills, list 
Relational Integrated into a structure 
Analyze, apply, argue, compare/contrast, criticize, 
explain causes, relate, justify 
Extended 
Abstract 
Create, formulate, generate, 
hypothesize, reflect, theorize 
 





To meet the goals for this research, I seek to answer the following research 
questions: 1) What are common misconceptions that students have that prevent them 
from grasping concepts in gas stoichiometry and chemical equilibrium? 2) How can the 
DOK and explanatory writing be used to assess students’ depth of understanding in gas 
stoichiometry and chemical equilibrium? 
To answer the research questions, an assessment method was chosen, which 
involves multiple-choice questions in conjunction with explanatory writing, which I 
hope, would assess students’ misconceptions and their DOK. I chose to steer clear of the 
more popular mode of assessment, MCT, as the sole assessment method, “which usually 
lead to a surface approach to learning, and do not allow students to demonstrate the depth 
of their knowledge or understanding, (Mullen & Schultz, 2012)”. Instead, I felt the need 
to undertake a study, which coupled multiple-choice questions with a required written 
response at the end of each question to explore the depth of students’ understanding of 
some gas and chemical equilibrium topics. The method of assessing students’ written 
responses to the multiple choice questions was effective in allowing me to gain a better 
understanding of each students’ depth of knowledge of gas concepts taught.  
 
Chapters in The Dissertation 
Chapter 2 describes the adopted and modified method of assessment that was used 
in the two separate studies of this dissertation to measure students’ understanding and 
DOK of concepts of gas stoichiometry (study 1) and chemical equilibrium (study 2). For 
both studies, a modified version of the Hess’ Cognitive Rigor Matrix was employed to 
analyze students’ written responses to their multiple choice answers. For each study, the 
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multiple choice questions were coupled with opened ended questions constructed with 
Bloom’s taxonomy level 3. The first study, which was conducted with one group of 
students at a community college included three multiple choice questions coupled with 
open ended response, which explored students' DOK of topics gas stoichiometry. The 
second study was conducted with multiple groups of students at several community and 
senior colleges comprised of ten MCQ coupled with open-ended response, which 
explored student’s DOK of concepts of chemical equilibrium. The findings of these two 
separate studies are detailed in chapters three and four of this dissertation research. 
Chapter three details the study done to determine students' DOK of topics in gas 
stoichiometry while chapter four describes the study done to determine students’ DOK of 
chemical equilibrium concepts.  
In spite of the numerous research and recommendations concerning the behavior 
of gases and chemical equilibrium, students’ misconceptions of these chemical 
phenomenon still persists. Chapter 5 includes suggestions for methods and teaching 
approaches that instructors can adopt to aid in remedying students’ misconceptions and 
improve DOK of concepts of chemistry. Also, included in this chapter are limitations of 



















Piquette & Heikkinen, (2005), on their study on strategies utilized by instructors 
to address students’ misconceptions in chemical equilibrium, expressed the need to 
identify, address and correct students’ misconceptions in chemical equilibrium. Previous 
research (Chandrasegaran et al., 2007; Chu et al., 2010; Hadenfeldt et al., 2013; Treagust, 
1986; Treagust et al., 2011; Tyson et al., 1999) on identifying students’ conceptual 
understanding of chemical concepts used assessment methods that involve multiple-
choice questions (MCQ), which typically contain distractors that correspond to 
misconceptions held by students. Other studies (Chandrasegaran et al., 2007; Tamir, 
1989, 1990; Xie & Lee, 2012; Yarroch, 1991) have used students’ written responses to 
their select their select MCQ answer choices analyze students’ understanding of chemical 
concepts. However, authors (Nelson et al., 2007; Tamir, 1990) stated that many of such 
studies used students’ written rationales to further develop an instrument for summative 
assessment, which include MCQs only. Some studies (Desjardins et al., 2014; Douglas & 
Ennis, 2012; Federer et al., 2015; Kuechler & Simkin, 2010; Lin & Hartman, 2011; Liu et 
al. 2011; Mullen & Schultz, 2012; Nehm & Ha, 2011; NRC, 2011; Yan & Subramaniam, 
2018) show that the sole use of MCT does is not effective in determining the depth of 
students’ understanding of chemical concepts. 
This research on determining students’ understanding and DOK of concepts of 
gas stoichiometry and chemical equilibrium, is a contribution toward that goal of 
developing effective assessment methods to not only identify and address students’ 
misconceptions in chemical equilibrium but in other areas of chemistry and to determine 
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their understanding and DOK of chemical concepts. This research which is a combination 
of two separate studies done to determine students’ understanding and depth of 
knowledge (DOK) of concepts in gas stoichiometry and chemical equilibrium. The 
method of assessment used in these studies is a useful tool, in which instructors can be 
made aware of each of their students’ DOK of chemical concepts taught. 
The purpose of this chapter is to describe the methodology used to analyze 
students’ DOK of underlying concepts of gas stoichiometry and chemical equilibrium. It 
is with the expectation that the method utilized in this research could be used to construct 
questions to evaluate students’ DOK and also to assess students’ MCQ and written 
responses for any chemistry or other science courses. The methodology in this study 
served to answer the following research questions: 1) How can the depth of knowledge 
(DOK) and students’ constructed responses be used to assess students’ depth of 
understanding in gas stoichiometry and chemical equilibrium? and 2) What were some of 
the misconceptions that students in the study exhibited during the process of learning 
concepts in gas stoichiometry and chemical equilibrium? 
The results from these studies are detailed in chapters three and four. For each 
study, the results show that some students’ correct MCQ answer choices were supported 
by their incorrect explanations of gas stoichiometry and chemical equilibrium. Two 
separate studies were conducted using a modified Hess Cognitive Rigor Matrix (Table 
2.3) to analyze students’ responses to multiple-choice questions (MCQ) and their written 
rationale to the answer choices. The first study employed the use of this method to 
uncover undergraduate chemistry students’ misconceptions and depth of knowledge 
(DOK) about gas stoichiometry concepts. Based on the results of the first study, which 
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showed the assessment method to be effective, a second study was then conducted to 
determine undergraduate chemistry students’ misconceptions and DOK about chemical 
equilibrium.  
  
Table 2.1: The Revised Bloom’s Taxonomy Cognitive Process Dimensions. 
Remember 
Retrieve knowledge from long-term memory, recognize, recall, locate, identify 
Understand 
Construct meaning, clarify, paraphrase, represent, translate, illustrate, give examples, classify, categorize, 
summarize, generalize, infer a logical conclusion (such as from examples given), predict, 
Compare/contrast, match like ideas, explain, construct models (e.g.’ cause-effect) 
Apply 
Carry out or use a procedure in a given situation; carry out (apply to a familiar task), or use (apply) to an 
unfamiliar task 
Analyze 
Break into constituent parts, determine how parts relate, differentiate between relevant-irrelevant, 
distinguish, focus, select, organize, outline, find coherence, deconstruct (e.g., for bias or point of view) 
Evaluate 
Make judgments based on criteria, check, detect inconsistencies or fallacies, judge, critique 
Create 
Put elements together to form a coherent whole, reorganize elements into new patterns/structures, generate, 
hypothesize, design, plan construct, produce for a specific purpose 
*the same as table 1.1 
 
Table 2.2: Webb’s depth-of-knowledge (DOK) levels.  
Level Description 
DOK-1 Recall & Reproduction — Recall a fact, term, principle, or concept; perform a routine procedure. 
DOK-2 
Basic Application of Skills/Concepts — Use information, conceptual knowledge; select 
appropriate procedures for a task; perform two or more steps with decision points along the 
way; solve routine problems; organize or display data; interpret or use simple Figures. 
DOK-3 
Strategic Thinking — Reason or develop a plan to approach a problem; employ some 
decision-making and justification; solve abstract, complex, or non-routine problems, 
complex. (DOK-3 problems often allow more than one possible answer 
DOK-4 
Extended Thinking — Perform investigations or apply concepts and skills to the real world that 
require time to research, problem solve, and process multiple conditions of the problem or task; 
perform non-routine manipulations across disciplines, content areas, or multiple sources. 






Table 2.3: Modified Hess’ Cognitive Rigor Matrix: Applying Webb’s Depth-of-Knowledge Levels to    
               Bloom’s Cognitive Process Dimensions. 
Revised Bloom’s Taxonomy Webb’s DOK 
Depth & Thinking 
Level 1 
Recall and Reproduction 
Level 2 
Skills & Concepts 
Level 3 
Strategic Thinking Reasoning 
Remember (1) 
Retrieve knowledge from 
long-term memory, recognize, 
recall, locate, identify 
o Recall, recognize, or 
locate basic facts, details 
events, or ideas explicit 
in text 
  
Remember (1a)  
Unable to retrieve knowledge 
from long-term memory, 
recognize, recall, locate, 
identify 
o Unable to recall, 
recognize, or locate basic 
facts, details events, or 
ideas explicit in texts. 
  
Remember (1b) 
Retrieve knowledge from 
long-term memory 
o Recall basic information 
but unable to make sense 
of ideas explicit in texts. 
  
Understand (2) 
Construct meaning, clarify, 
paraphrase, represent, 
translate, illustrate, give 
examples, classify, categorize, 
summarize, generalize, infer a 
logical conclusion, predict, 
compare/contrast, match like 
ideas, explain. 








o Describe what, when, 
how. 
o Define/describe facts, 
details, terms, principles 
o Write simple sentences. 
o Specify, explain, show 
relationships; explain 
why, cause-effect 
o Give non-examples 
o Summarize results, 
concepts, ideas 
o Make basic inferences or 
logical predictions from 
data or texts 
o Identify main ideas or 
accurate generalizations 
of texts 
o Locate information to 
support explicit-implicit 
central ideas. 
o Explain, generalize, or 
connect ideas using 
supporting evidence 
(quote, example, text 
reference) 
o Identify/make inferences 
about explicit or implicit 
themes 
Analyze (3) 
Break into constituent arts, 
determine how parts relate, 
differentiate between relevant-
irrelevant, distinguish, focus, 
select organize, outline, find 
coherence, deconstruct 
o Identify whether specific 
information is contained 
in Graphic 
representations (e.g., 
map, chart, table, Figure, 
T-chart diagram) 
o Categorize/compare 





o Analyze information 





o Use reasoning and 
evidence to support 
inferences. 
*the same as table 1.3 
 
Participants For Gas Stoichiometry and Chemical Equilibrium Studies 
Study 1: Gas Stoichiometry 
The study that explored students’ misconceptions and DOK of gas stoichiometry 
was conducted during the 2015-2016 academic year at an urban junior college. 
Participants in this study were students enrolled in a one-semester undergraduate level 
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general chemistry course either during the fall 2015 and spring 2016 semesters. Students 
were made aware of the research activities and that their participation in the study was 
anonymous. Thirty-eight students combined from both courses participated in this study. 
The same instructor taught the general chemistry courses that the participants in this 
study were enrolled in during the 2015-2016 academic year. The general chemistry 
course in which the participants in this study were enrolled is designed for science and 
engineering majors. Therefore, the majority of participants in this study were either 
science or engineering majors with less than five percent liberal arts major. The 
population of the participants was diverse with respect to ethnicity, age and gender.  
 
Study 2: Chemical Equilibrium 
The study done on students’ misconceptions and DOK of chemical equilibrium 
was conducted during the spring 2017 semester and the participants were recruited from 
several junior and senior urban colleges. Initially, letters were electronically sent to the 
chair of the science departments for each of the junior colleges and the chemistry 
department for each of the senior colleges requesting their permission for their chemistry 
instructors to allow their students to volunteer in this study. The letter disclosed research 
activities and ensured the anonymity of the participants involved. From these initial 
requests, a combined total of two hundred and sixty-one students from several of the 
junior and senior colleges participated in this study. For this study, students were required 
to respond to pre questionnaires and post questionnaires that were administered pre and 
post lecture respectively. However, out of the two hundred and sixty-one students, only 
ninety-three students from the junior colleges responded to the pre lecture while one 
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hundred and eighty-four students from both junior and senior colleges responded to the 
post questionnaires. Similar to the study that explored students’ misconceptions and DOK 
of gas stoichiometry, the population of participants in this study was also diverse with 
respect to ethnicity, age and gender. 
 
Questionnaire Design 
In this research, the method used to investigate students’ DOK and to detect 
misconceptions associated with these concepts was an adaptation of an approach used by 
Dewprashad (2014), who previously explored students’ misconceptions in organic 
chemistry. In his study, he administered an assessment where each multiple-choice 
question was coupled with a required open-ended response. The open-ended response 
required students to explain their answer choice. Dewprashad and other researchers such 
as Haudek et al. (2012) and Raven (2015) used the multiple choice questions coupled 
with open-ended responses because students’ written responses can provide clearer 
insight into how students process the content. For this reason, this research also employed 
the use of a questionnaire and writing activities to probe students’ misconceptions in 
chemistry. 
Questionnaires were constructed to evaluate students’ understanding and their 
DOK of gas stoichiometry and chemical equilibrium. The questionnaires for each for the 
studies on students’ understanding and DOK of gas stoichiometry and chemical 
equilibrium concepts, were comprised of multiple-choice questions, each coupled with an 
open-ended question that required a written explanation to their answer choice (Tables 
2.4 & 2.5). The questionnaires for the studies on students’ understanding and DOK of gas 
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stoichiometry and chemical equilibrium were comprised of three multiple-choice 
questions and ten multiple-choice questions respectively. The content of each 
questionnaire was adapted from Zumdahl and Zumdahl, Chemistry 9th Edition, which is 
the chemistry textbook assigned by the science department of the urban junior college 
that participated in the study of students’ understanding and DOK of gas stoichiometry.  
 
Inter-rater Reliability 
The content of each questionnaire was vetted by three experienced college level 
chemistry educators. Additionally, the questionnaires were administered to three 
undergraduate students who completed two semesters of chemistry. This was done to 1) 
ensure that the clarity and user friendliness of each question. and 2) ensure each question 
measured the concept they were selected to measure. In addition, each question in the 
questionnaires was assigned a Bloom’s Cognitive domain and an intended DOK level. 
The questions were chosen based on three levels of Bloom’s Taxonomy (Table 2.1), 
which are remember, understand and analyze. This was done to reflect the ‘complexity of 
the content of each question and the required cognitive demands of the students.  Also, 
the level of questioning was chosen based on the level of chemistry taught and the 
professional goals (majors) of the students. The chemistry students in these studies were 
required to have a deeper understanding of chemical concepts than students who were 
taking chemistry for non-science majors. Therefore, the students’ responses to the 
questions can help provide an insight into the level of the students’ understanding of the 
gas stoichiometry and chemical equilibrium concepts and if intervention is needed to get 




Level four (Table 2.2, extended thinking) of Webb’s depth of knowledge was 
omitted, which is beyond the scope of this research. This level requires extra time for 
students to do research which is not a part of this research. Two independent researchers 
assigned the intended Bloom’s and intended DOK level of each question. The topics 
covered for each study are discussed in the following sections.  
 
Topics on Gas Stoichiometry 
For the study on students’ understanding and DOK of gas stoichiometry, the 
concepts covered were: 1) quantitative relationship of masses among elements, 2) the 
density of gases and the relationship between pressure and 3) temperature and volume via 
graphical analysis. Each question covered one of the aforementioned areas. The first 
question (Table 2.4) asked students to identify the gas with the greatest number of 
molecules. The second question required the students to determine the density of a gas in 
a rigid steel container as heat is applied. The third question entailed the graphical analysis 
of the volume and number of moles of an ideal gas when pressure and temperature are 
kept constant. 
 
Topics on Chemical Equilibrium 
For the study on students’ understanding and DOK of chemical equilibrium, the 
concepts covered were: 1) Rates and a system at equilibrium. 2) Effects of temperature 
on constancy 4) Effects of concentrations on shifts in system at equilibrium. and 5) 
Algorithmically solving chemical equilibrium problems. Although, algorithmically 
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solving problems is not unique to chemistry alone, it allows an insight into determining if 
students are mechanically solving for unknown variables without a good understanding 
of the underlying chemical concepts associated with the problem.  
For each study, the second part of the questionnaires entailed an open-ended 
question with broad prompts that allowed students to demonstrate the depth of their 
understanding of that content. In this part, the students were expected to write in detail 
the rationale behind why he/she selected the answer from part 1 and why the other 
options were not chosen. The open-ended question to each question was placed under the 
revised Hess’ CRM taxonomy, Bloom’s 3 and Webb’s DOK level 3. Here, each student 
was required to justify his/her answer choice to the multiple-choice question.  
 
Table 2.4: Three gas stoichiometric questions coupled with an open-ended with the application of Bloom’s and intended 
Webb’s DOK taxonomy. 
Questions Bloom’s Intended Webb’s DOK 
Q1) Four identical 1.0-L flasks contain 
the gases He, Cl2, CH4, and NH3, each 
at 0°C and 1 atm pressure. Which gas 
sample has the greatest number of 
molecules? 
  
a.        He 
b.       Cl2 
c.        CH4 
d.       NH3 
e.        All the same * 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 
Remember, understand and analyze `Level 3 (Bloom) and Level 3 (Webb) 
Q2) Which of the following Figures 
represents a plot of V (y-axis) versus n 
(x-axis) for an ideal gas at constant P 
and T? 




a.       a 
b.       b 
c.       c * 
d.       d 
e.       e 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 
Q3) What happens to the density of a 
gas contained in a rigid steel container 
as you heat the gas? 
  
a. The density of the gas increases. 
b. The density of the gas decreases. 
c.  The density of the gas does not 
change 
d. There is not enough information 
given to answer this question. 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 














Table 2.5: Ten multiple-choice questions with open-ended questions. 
Question 1 Question 2 Question 3 
1.   Which of the following is true about a system 
at equilibrium? 
a. The concentration(s) of the reactant(s) 
is equal to the concentration(s) of the 
product(s). 
b. Reaction goes to completion and no 
new products are formed. 
c. The concentration(s) of reactant(s) is 
constant over time. ** 
d. The rate of the reverse reaction is equal 
to the rate of the forward reaction and 
both rates are equal to zero. 
e. The forward reaction goes to 
completion before the reverse reaction 
commences 
 
Why did you choose your answer? State in 
detail the rationale that supports your 
answer: 
Which of the following 
statements concerning 
equilibrium is not true? 
a. A system that is disturbed 
from an equilibrium 
condition responds in a 
manner to restore 
equilibrium. 
b. Equilibrium in molecular 
systems is dynamic, with 
two opposing processes 
balancing one another. 
c. The value of the 
equilibrium constant for a 
given reaction mixture is 
the same regardless of the 
direction from which 
equilibrium is attained. 
d. A system moves 
spontaneously toward a 
state of equilibrium. 




Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
2. Consider the following equation: 
  
3. CO(g) + H2O(g)  CO2(g) + H2(g)  
 
4. Which of the following must be true 
at equilibrium? 
a. [CO2] = [H2] because they are 
in a 1:1 mole ratio in the 
balanced equation. 
b. The total concentration of 
reactants is equal to the total 
concentration of the products. 
c. From the data provided it can 
be inferred that the total 
concentration of the reactants 
is greater than the total 
concentration of the products. 
d. From the data provided it can 
be inferred that the total 
concentration of the products 
is greater than the total 
concentration of the reactants. 
e. None of these is true. ** 
 
Why did you choose your answer? 
State in detail the rationale that 
supports your answer: 
Question 4 Question 5 Question 6 
Consider an exothermic chemical system at 
equilibrium. If heat is added to the system, 
which of the following is true?  
a. Equilibrium shifts to the left and 
the value of K increases. 
b. Equilibrium shifts to the right and 
the value of K increases. 
c. Equilibrium shifts to the right and 
the value of K decreases. 
d. Equilibrium shifts to the left and 
the value of K decreases. ** 
e. Equilibrium shifts, but the value of 
K stays constant. 
 
Why did you choose your answer? State in 
detail the rationale that supports your 
answer: 
 
5. Suppose we have the following 
reaction at equilibrium: 
  PCl5(g)         
PCl3(g) + Cl2(g) 
Which of the following 
statements is false? 
a. Adding PCl3 to the system 
shifts the equilibrium to 
form more PCl5. 
b. Removing PCl3 from the 
system shifts equilibrium 
to the right. 
c. Removing PCl5 from the 
system shifts the 
equilibrium to form more 
PCl3. ** 
d. Removing Cl2 from the 
system shifts the 
equilibrium to the right 
e. Adding Cl2 to the system 
shifts the equilibrium to 
the left. 
 
Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
6. For a certain reaction at 25.0C, the 
value of K is 1.2  10–3. At 50.0C, 
the value of K is 3.4  10–1. This 
means that the reaction is: 
a. Exothermic. 
b. The K value is not related to 
thermicity (endothermic or 
exothermic).  
c. Endothermic. ** 
d. More information is needed to 
answer the question. 
e. The reaction is neither 
endothermic nor exothermic. 
 
Why did you choose your answer? 
State in detail the rationale that 
supports your answer: 
 
Question 7 Question 8 Question 9 
7. Consider the following equilibrium: 2H2(g) + 
X2(g)  2H2X(g) + energy 
8.    Consider the reaction:  
 





How Students’ Responses Were Coded 
  To code students’ responses to the MCQ and open-ended questions, Hess’ CRM 
was adopted and adapted. Two researchers used the modified Hess’ CRM to 
independently code the open-ended assessment questions. The results were compared and 
discussed between the two researchers until an agreement of interpretation of coding 
were consistent and credible.  As previously mentioned, the structure and complexity of 
questioning were determined by the three levels of Bloom’s Taxonomy (Table 2.1) while 
the depth of knowledge of students’ responses was analyzed by the superposed structure 
of and the addendum to the Hess CRM. Each question was selected and modified to 
                                                                                                                                                                                                                        
Increasing the temperature will cause 
a. the reaction to occur to produce H2X 
b. the reaction to occur to produce H2 and 
X2 ** 
c. the reaction to occur to produce H2 but 
no more X2 
d. no reaction to occur 
e. an explosion 
 
Why did you choose your answer? State in 






The equilibrium constant for the 
reaction as written is: 
a. K =  
b.  ** 
c.  
d. K = [H2O]2 
 
e. K =  
 
Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
At 1273 K, the Kp 
value is 167.5. What is the  at 
equilibrium if the  is 0.17 atm 
at this temperature? 
a. 2.7 atm 
b. 0.085 atm 
c. 11 atm 
d. 5.3 atm ** 
e. The answer cannot be 
determined since the 
concentration of carbon, [C], is 
not given. 
 
Why did you choose your answer? 
State in detail the rationale that 









d. 23.1 ** 
e. 0.208 
 




categorize the cognitive skills that are required of the students to respond to the MCQs. In 
order to answer each MCQ, students were expected to retrieve information, understand 
the retrieved knowledge and analyze the information. For example, in order to answer the 
MCQ question1 (Table 2.4), students should be able to identify facts about the gas laws 
(Avogadro’s, Boyle’s, Charles’, the Ideal Gas Law). In recalling facts about the gas laws, 
students also need to understand and determine the relationship between pressure, 
temperature, volume and the number of moles. A correct response to the multiple-choice 
questions shows the probability that the student is able to recall, understand and analyze 
the information. To determine students DOK of each topic, their written response to each 
MCQ was coded with the modified Hess’ Cognitive Rigor Matrix. To illustrate this point, 
a score of Bloom’s 1a and Webb’s DOK level 0 (Table 2.3) was assigned to a student’s 
written response if they were unable to recall or recognize facts contained within the 
question. Similarly, a score of Bloom’s 1b and Webb’s DOK level 0 was assigned to a 
student’s written response if the student demonstrates the ability to recall basic facts from 
memory but exhibit no understanding of, or unable to analyze the information. A sample 
of assigned code of Bloom’s 1b and Webb’s DOK level 0 for a student’s written response 
to question1 is noted in Table 7. The student may remember that PV = nRT but does not 
demonstrate an understanding of the variables and their interrelationship to each other. 
Additionally, a student can be assigned a score of Bloom’s level 3 and Webb’s DOK 
level 3 (Table 2.3). This score shows the student demonstrates an ability to recall, 
understand and analyze information. The student may show the relationship between the 
variables and give an example to support his/her response. Specific examples of students’ 




Data Collection (Administration of the Questionnaire) 
For the study on determining students’ understanding and DOK of gas 
stoichiometry, the questionnaire was administered to the students during class contact 
time after the lecture on gases, which included gas stoichiometry. The questionnaire was 
also made available online via Blackboard for those students who were absent. They had 
the option of submitting via the link on Blackboard or a hard copy during the next class 
meeting. Two students completed the survey outside of class time and each submitted a 
hard copy of the questionnaires during the next class meeting. The diagnostic 
questionnaire comprised of a three-part multi question coupled with open-ended 
questions.  
For the study on determining students’ understanding and DOK of chemical 
equilibrium, instructors from the junior and senior colleges administered the 
questionnaires to their students during class meeting times.  Instructors from both the 
junior and senior colleges expressed that they found the questionnaire useful in assessing 
their students’ understanding of chemical equilibrium. However, the instructors from the 
senior colleges and some from the junior college found it sufficient to only administer the 
questionnaires after the lecture on chemical equilibrium. Therefore, only some students 
from the junior colleges completed the pre questionnaires while none of the students from 
the senior colleges participated in completing the pre questionnaires. Each instructor 
notified the researcher via email after the questionnaires were completed. The researcher 
then collected the completed questionnaires. An instructor from one of the senior colleges 
had his students complete the post questionnaires online via Blackboard. The researcher 
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No interviews were conducted for the study on determining students’ 
understanding and DOK of gas stoichiometry, which was one of the limitations of this 
particular study. Two separate interviews were conducted during class time with one 
class of students from one of the junior colleges to further investigate their written 
explanations to their MCQ answer choices. The interview also coupled as a formative 
assessment method, which is a technique that the instructor commonly uses after students 
take a quiz or test. The interviews consist of an open-ended format where predetermined 
questions were not used. The first interview was conducted before (pre lecture) the 
lecture on chemical equilibrium was taught and immediately after the students completed 
and handed in the pre questionnaires. The second interview was conducted after (post 
lecture) the concepts of chemical equilibrium was taught and after the students completed 
and handed in the post questionnaires. During the unstructured interviews, particular 
attention was paid to students who indicated that they chose the correct MCQ answer 
choice. This was done to the limited class time allowed for such an assessment. For both 
interviews, the questioning was simple; students who chose the correct MCQ answer 
choice were asked to explain why they chose their answer. Both pre and post lecture 
interviews were not digitally recorded; instead, students’ responses to the interview 
questions were manually noted. Additionally, the instructor assigned DOK levels to 
students’ verbal explanations of their correct MCQ answer choices in real time. By a 
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show of hands, students indicated their MCQ answer choices, which were then manually 
recorded by the instructor. Later, the raw scores were converted to percentages of 
students’ MCQ answer choices as shown in chapter 4 (Table 4.23 and Figure 4.14). The 
students’ verbal explanations were not digitally recorded. Instead, the instructor assigned 
DOK levels to students’ responses in real time. Similarly, students’ verbal explanations 
of their correct answer choices were assigned codes using the modified Hess’ Cognitive 
Rigor Matrix and manually recorded. The raw scores were later converted to percentages 
as shown in chapter 4 (Table 4.24 and Figure 4.15). The data collected from these 
interviews were used to compare and validate the students’ written MCQ answer choices 
and their written explanations for the pre and post questionnaires.  
 
Conclusion 
The method of assessment described in this chapter was employed in two separate 
studies to explore undergraduate chemistry students’ understanding and DOK of 
chemical concepts. The first study explored the use of this method to determine students’ 
understanding and DOK of concepts of gas stoichiometry. Based on the success of the 
first study, the second study was done to determine students’ understanding and their 
DOK of concepts of chemical equilibrium. The results of these two studies are reported 








Study 1 (Determining Students’ DOK of Gas Stoichiometry Concepts) 
This study explored the use of an assessment method to uncover critical 
information about what students know and how much they know about concepts of gas 
stoichiometry. The method of assessment used in this study, which is detailed in chapter 
two, is a modified Hess’ Cognitive Rigor Matrix (Hess et al., 2009), was adopted and 
modified to analyze students’ constructed responses to multiple-choice questions. Such 
responses can lend insight into not only the level of students’ understanding of gas 
stoichiometry but what misconceptions they may have about the gas concepts.  It is 
important for undergraduate students studying chemistry to understand the behavior of 
gases and their role in the study of thermodynamics. For example, the understanding of 
the behavior of gases has a wide range of applicability in disciplines such as biology, 
chemistry, physics and engineering. Two examples of such applicability are: 1) the role 
of gases in understanding respiration and the amount of water vapor lost when exhaling 
(Zieliński & Przybylski, 2012), and 2) the simulation of natural gas production via 
mathematical model parameters on the dynamics of pressure and temperature (Bondarev 
et al 2012). Drawing on this level of importance, the purpose of this study is to 
investigate students’ misconceptions in gas stoichiometry by using a model of assessment 
that draws on epistemological relationships between concepts in chemistry, cognitive 
demands associated with learning the concepts and how much they demonstrate what 
they know. In particular, this study sought to answer the following research questions: 1) 
What were some of the misconceptions that students in the study exhibited during the 
process of learning concepts in gas stoichiometry? 2) How can the depth of knowledge 
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(DOK) and explanatory writing be used to assess students’ depth of understanding in gas 
stoichiometry? To answer the research questions an assessment methodology was 
deployed which involves administering multiple-choice questions in coordination with 
explanatory writing. This assessment model used a modified version of Hess’ Rigor 
Matrix (Hess et al., 2009) to evaluate the complexity and level of questioning 
encountered by participants.  In employing this assessment method, this study aimed to 
assess students’ misconceptions and their DOK.  Accordingly, in this study the use of 
MCT was not chosen as the sole method of assessment because it does not effectively 
allow students to demonstrate the depth of their knowledge or understanding (Mullen & 
Schultz, 2012). It is the hope that this study would highlight the continuing need for the 
use of multiple modes of assessing what students know and how much they know of 
chemical concepts. 
The assessment method used in this study was adopted and modified to analyze 
students’ constructed responses to multiple-choice questions. Analogous to Lin and 
Hartman (2011), it was found in this study that some students’ answer choices to the 
multiple-choice questions alone did not gave us much insight into their DOK about gas 
stoichiometry and also did not corroborate with their written responses. Many of their 
written responses showed that they did not hold a good understanding of the concepts. 
Research in determining students’ understanding of gas concepts and other chemical 
phenomena is not new. However, the method of assessment, I anticipate, would highlight 
and add to what is known about the critical need for the implementation of an assessment 
such as the one employed in the dissertation. This method of assessment, is believed to 
have authentically addressed the following research questions 1) How can the depth of 
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knowledge (DOK) and students’ constructed responses be used to assess students’ depth 
of understanding in gas stoichiometry? and 2) What were some of the misconceptions 
that students in the study exhibited during the process of learning concepts in gas 
stoichiometry? My findings show that students’ misconceptions were neither readily 
detected by their incorrect nor their correct responses to questions in multiple-choice 
questionnaires. However, some misconceptions and different levels of students’ depth of 
knowledge were detected using Webb’s Depth of Knowledge Taxonomy within their 
written rationales for their answer choices. 
 
Context and Participants 
This study was conducted during the 2015-2016 academic year at an urban 
community college. The research participants in this study were enrolled in one-semester 
undergraduate level general chemistry course either in the fall 2015 semester or the 
spring 2016 semester in which both courses were taught by the same instructor. The 
majority of the students enrolled in these courses were either engineering or pre-medical 
majors and less than five percent were liberal arts majors. The population of the student 




The method, used in this study, as described in chapter 2, was adopted  to conduct 
the study done on students’ understanding and DOK of gas stoichiometry. In this study, a 
questionnaire consisting of three multiple choice questions, where each multiple-choice 
question was coupled with a required open-ended response was developed by the primary 
36 
 
investigator to evaluate students’ understanding and their DOK of various aspects of gas 
stoichiometry. The questions were validated by two chemistry professors (PhD) with an 
extensive background in teaching general and organic chemistry. The questionnaires 
were anonymous where each student created a code (2 letters and 2 digits) in order to 
compare each individual’s pre and post responses. The questionnaires were administered 
to the students after the lecture on concepts of gas stoichiometry. 
 
Table 3.1: Modified Hess’ Cognitive Rigor Matrix: Applying Webb’s Depth-of-Knowledge Levels to    




Depth & Thinking 
Level 1 
Recall and Reproduction 
Level 2 





Retrieve knowledge from 
long-term memory, 
recognize, recall, locate, 
identify 
o Recall, recognize, or 
locate basic facts, 
details events, or 
ideas explicit in text 
  
Remember (1a)  
Unable to retrieve 
knowledge from long-term 
memory, recognize, recall, 
locate, identify 
o Unable to recall, 
recognize, or locate 
basic facts, details 
events, or ideas 
explicit in texts. 
  
Remember (1b) 
Retrieve knowledge from 
long-term memory 
o Recall basic 
information but 
unable to make sense 







illustrate, give examples, 
classify, categorize, 
summarize, generalize, 
infer a logical conclusion, 
predict, 
compare/contrast, match 
like ideas, explain. 








is clearly evident 
o Describe what, 
when, how. 
o Define/describe 
facts, details, terms, 
principles 
o Write simple 
sentences. 




o Give non-examples 
o Summarize results, 
concepts, ideas 
o Make basic 
inferences or logical 
predictions from 
data or texts 








o Explain, generalize, 







explicit or implicit 
themes 
Analyze (3) o Identify whether o Categorize/compare o Analyze information 
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Break into constituent 




focus, select organize, 
outline, find coherence, 
deconstruct 
specific information 
is contained in 
Graphic 
representations (e.g., 
















o Use reasoning and 
evidence to support 
inferences. 
*the same as table 1.3 
 
Table 3.2: Three gas stoichiometric questions coupled with an open-ended with the application of Bloom’s and intended 
Webb’s DOK taxonomy. 
Questions Bloom’s Intended Webb’s DOK 
Q1) Four identical 1.0-L flasks contain 
the gases He, Cl2, CH4, and NH3, each 
at 0°C and 1 atm pressure. Which gas 
sample has the greatest number of 
molecules? 
  
a.        He 
b.       Cl2 
c.        CH4 
d.       NH3 
e.        All the same * 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 
Remember, understand and analyze `Level 3 (Bloom) and Level 3 (Webb) 
Q3) What happens to the density of a 
gas contained in a rigid steel container 
as you heat the gas? 
  
a. The density of the gas increases. 
b. The density of the gas decreases. 
c.  The density of the gas does not 
change 
d. There is not enough information 
given to answer this question. 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 
Remember, understand and analyze Level 3 (Bloom) and Level 3 (Webb) 
Q2) Which of the following Figures 
represents a plot of V (y-axis) versus n 
(x-axis) for an ideal gas at constant P 
and T? 




a.       a 
b.       b 
c.       c * 
d.       d 
e.       e 
  
Why did you choose your answer? State 
in detail the rationale that supports your 
answer: 
*the same as table 2.4 
 
Results and Discussion 
The number of students’ responses and their answer choices to each MCQ are 
summed up in Table 3.3 and Figure 3.1. For correct answer choices to MCQs 1, 2 and 3, 
71% of the students choose ‘e’, 58% chose ‘c’ and 50% chose ‘a’, respectfully. The 
students’ written responses for ideal gas law, gas density and  analysis of an ideal gas 
were analyzed and categorized (Table 3.4 and Figure 3.2) using the modified and the 
addendum CRM (Table 3.1). For example, Table 3.4 and Figure 3.2 show that for Q1, 
29% of responses were assigned DOK level 1,1, 3% DOK level 1a,1, 39% DOK level 
1b,1, 11% DOK level 2,2 and 18%  DOK level 3,3.  The following sections detail the 
analysis of students’ MCQ answer choices and their written responses to those answer 
choices for Q1 – Q3.  
 
Table 3.3: Percentage (%) of Students’ Multiple Choice Reponses for 
Questionnaires. 
Questions A B C D E 
Q1 4 14 11 0 * 71 
Q2 21 21 * 58 0 0 








Ideal Gas Law 
Question 1 (Table 3.2) asked students to determine the gas with the greatest 
number of molecules. Table 3.6 shows samples of students’ responses that were analyzed 
for students’ DOK about quantitative relationship of masses among elements. Students 
were expected to recognize and recall from prior instruction the quantitative nature of 
gases (ideal and non-ideal) and the value of the variables at standard, temperature and 
pressure (STP). Students were expected to identify that the number of moles of all gases 
of the same volume will be the same at standard (temperature (00C) and pressure (1 
atmosphere). Students were also expected to use the ideal gas law formula (PV = nRT) to 
show the relationships between the variables. These relationships (PV = nRT) describe 
how the volume of a gas depends on pressure, temperature, and number of moles of gas 
present at a particular point in time, Zumdahl and Zumdahl (2014). Since the gas law 
describes the dependency of the volume of a gas on the number of moles present, 
students tend to assume that the volume of the gas at STP in the system is dependent on 
















































Students' Written Responses to  MC (Q1 - Q3)








written response for his or her level of understanding of these concepts, some 
misconceptions of the relationship between the volume of gas and the size of its particles 
was detected. For example, helium’s atomic radius is smaller than that of the other 
molecules, therefore a student wrote that since helium is smaller, then more atoms of 
helium is needed to fill the container (Table 3.6). Another student chose chlorine gas 
because it has the greater molar mass, which indicated that the student believed that the 
gas with the greater mass would fill the container (Table 3.6). The misconception 
associated with methane (CH4) is that it has the greater number of elements therefore the 
greater volume of the gas. Ammonia gas (NH3) has less atoms than CH4 and therefore a 
student may decide that ammonia is not the correct answer because it has 4 atoms 
compared to the 5 atoms that methane is composed of. The following sections contain 
analysis of students’ correct and incorrect responses and some of the misconceptions 
discussed above.  
 
MCQ Answer Choice (e) and Assigned DOK Levels 
Twenty students (71%) chose ‘e.’ Based on this quantitative data, it first appears 
that many of these students who chose ‘e’ do not hold misconceptions of the molar 
volume of gases at STP. Table 3.4 and Figure 3.2, show that 40% of those correct 
responses reflect the students’ ability to recall and identify basic information about the 
volume of gases at constant temperature and pressure, which is aligned with DOK level 
1,1 of the modified CRM. For example, Table 3.6 shows one student’s response was, “the 
number of moles will be the same, and therefore the number of molecules will be the 
same as well.” Although this simple correlation is correct and not a misconception, this 
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student along with the other seven students did not clearly define the relationship 
between the variables of the ideal gas law, PV = nRT.  
Table 3.4 and Figure 3.2 show, that 15% of the correct responses showed that the 
students were able to paraphrase the question and draw a relationship between the 
number of moles and the other variables. For example, one student responded with, “P, 
V, R, and T are constant, therefore the number of moles are constant. This type of 
response was assigned DOK level 2,2. This type of response is not surprising due to the 
fact that when questioned during lecture, most of the students have heard of the ideal gas 
equation and could have recited PV = nRT. However, upon further questioning, they 
were not able to describe the relationships between the number of moles, temperature and 
pressure of a gas at a given point in time. Consistent with other studies (Ashkenazi et al., 
2008; Nurrenbern & Pickering, 1987; Pickering, 1990; Sawrey, 1990), this study also 
show that many students who are able solve problems algorithmically for the ideal gas 
law, are unable to solve conceptual problems of the same.  
 Table 3.4 and Figure 3.2 show, that 25% of the correct responses, which received 
DOK level 3,3 showed that the students demonstrated a clear and accurate understanding 
of the quantitative relationship of gases at constant temperature and pressure.  They were 
able to remember, understand and determine how each variable relates in the form of the 
ideal gas law. An example of one of these students’ responses is shown in Table 3.6. 
Table 3.4 and Figure 3.2 show, that 20% of the students’ responses were assigned DOK 
level 1b,1.  These students, although they chose the correct answer, were unable to 
provide an adequate written rationale of their answer choice and therefore did not write a 
response to the open-ended question. An example of one such response is shown in Table 
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3.6. It can be concluded that these students simply guessed the correct response to the 
MCQ since no other evidence was provided to justify their answer choice.  
 
MCQ Answer Choice (a, b, c and d) and Assigned DOK Levels 
The responses for the seven (88%) out the eight students who chose the incorrect 
answer were assigned the categories DOK level 1b,1. Their responses were assigned 
DOK level 1b,1 because it is apparent that they were able to retrieve knowledge although 
inaccurate, from memory but did not provide evidence that they were able to ‘make sense 
of the ideas explicit’ within the text of the question. For example, the students who chose 
chlorine gas (Cl2) believed that Cl2 has the greater molar mass, which contributed to the 
gas occupying a greater volume in the flask (Table 3.6). Table 3.6 shows samples of 
students’ written responses and the assessment codes assigned to them. Two of these 
students associated molar mass with the number of electrons and believed that if the gas 
has more electrons, it should also have more particles.” All of the students who chose 
helium as a correct response believed that helium is smaller than the other molecules and 
therefore more would be able to fit inside of the flask.   
Based upon these students’ responses, similar to the findings in a study done by 
Aydeniz et al, (2012), it could be concluded that the students’ assumptions are that the 
volume of a gas is dependent on its molar mass, therefore a greater number of particles 
would result in a higher volume of the gas. This assumption ignores the fact that the 
distance between particles is very much greater than the size of the gas particles, which 
makes the volume of the actual gas molecules negligible. The students’ misconception of 
the correlation between the volume of a gas and its molar mass may lie in their prior 
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knowledge that gases’ molecules have different sizes, for example, a molecule of xenon 
gas is significantly larger than that of hydrogen gas.  
 
Density of a Gas 
Thirty-eight students’ written responses were analyzed for students’ DOK and 
misconceptions about the density of a gas in a rigid container (Figure 8). Students were 
expected to determine that although heat is applied to the gas, the volume does not 
change and no mass is added to or removed from the container. The students were 
expected to apply the basic equation for density (D = m/V) to demonstrate this 
relationship. The students were also expected to an understanding of the kinetic 
molecular theory (KMT) of gases and why the volume of a gas does not change although 
it is heated. Table 3.3 and Figure 3.1 show, that 58% of students chose the correct MCQ 
answer,‘c,’ while 21% chose ‘b’ and 21% ‘a.’  
 
MCQ Answer Choice ‘c’ and Assigned DOK Levels 
Table 3.3 and Figure 3.1 show, that twenty-two students (58%) who chose ‘c’ 
suggest that they understand the relationship between the variables by recalling the 
simple equation for density which is D = m/V. Table 3.4 and Figure 3.2 show, that 36% 
of the students’ written responses to their correct MCQ answer choices revealed that the 
students have a basic understanding of density of a gas and therefore were assigned DOK 
level 1,1. Some of the students’ stated in their written responses that the mass and volume 
do not change therefore density will not change. Based on these written responses, 
students’ demonstrated that they were able to ‘specify and explain the relationship’ 
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between d, m and v but not the rigid container.  Table 3.7 exhibits such responses 
categorized as DOK level 1,1. 
Table 3.3 and Figure 3.1 show, that 14% of the students written responses to their 
correct MCQ answer choice was assigned DOK level 1b,1. Their written rationales 
revealed that they were able to recall some knowledge but were not able to draw accurate 
relationships between the variables. For example, one student believed that ‘the volume 
will change but the density of the gas will not (Table 3.7). Another 14% of the students 
written responses to their correct MCQ answer choice were assigned DOK level 2,1. 
Analysis of their written responses revealed their understanding of the constancy of the 
density of gas in a rigid container. Although these students did not clearly draw a 
relationship between the variables P, V. n. R and T, they identified that density of the gas 
would not change due to the rigidity of the container. Table 3.3 and Figure 3.1 show 36% 
of students’ written responses to their correct answer choices were assigned DOK level 
3,2. These students were able to differentiate the relevant information within the text and 
the draw relationships between the variables. Table 3.7 exhibits of such response that 
were categorized as DOK level 3,2. Although the student did not mention the KMT, 
reference was made to negligible expansion of the container due to heating. It was 
inferred that the heat did not cause an increase in the volume of the gas. 
 
MCQ Answer Choices (a and b) and Assigned DOK Levels 
Table 3.3 and Figure 3.2 show that 21% of students chose ‘a’ as their MCQ 
answer choice while another 21% chose ‘b.’ All of these students’ written responses to 
their incorrect MCQ answer choices were assigned DOK level 1b,1. The students were 
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able to recall information from memory but were unable to make sense on the facts 
embedded within the text of the question.  Many of these students believe that an increase 
in temperature will cause an increase in the density of the gas. It is apparent that the 
students did not take into consideration the fact that the gas was contained in a rigid 
container. For example, a student wrote that “as the gas contained in a rigid steel 
container is heated, the density of the gas increases (Table 3.7).” Another student 
response was, “at the temperature increases, the kinetic energy increases and density 
increases.” One student’s rationale delved into the KMT of gases and overcoming of 
attractive forces that will cause an increase in the volume of the gas (Table 3.7). 
Additionally, these students were unable to utilize the basic equation of density to draw 
coherent relationships between the variables. Table 3.7 shows one such student’s 
response, in which the student stated that ‘an increase in volume will cause the density of 
the gas to increase due to an increase in the mass.’ 
Although gas exerts pressure on the walls of the container, the density of that gas 
when heated is constant due to the rigidity of the container. Based on the analysis of 
students’ written responses to their MCQ answer choices, it is evident that many of them 
do not understand the critical attribute of gases in rigid container. Other studies 
(Nurrenbern & Pickering, 1987; Sanger & Phelps, 2007), show that students’ 
understanding of a gas in a steel container is flawed.  
 
 Analysis of an Ideal Gas 
  Thirty-eight students’ responses were analyzed for misconceptions about the 
quantitative relationship between the volume (V) and the amount of gas in moles (n). The 
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question relates to Avogadro’s hypothesis where for a volume sample of gas is directly 
proportional to the number of moles at constant pressure and temperature, V n 
(P and T constant). Students were expected to choose the appropriate graph that depicts 
this quantitative relationship between the volume and number of moles of a gas when 
pressure and temperature are held constant. Different plots of ‘V’ vs ‘n’ were included 
within the question to elicit students’ cognitive demands. Plot a produces a straight line 
that represents the accurate relationship between ‘V’ an ‘n,’ which shows a linear 
relationship between ‘v’ and ‘n.’ increases. Plot ‘b’ represents a linear relationship 
between the volume of the gas and the number of moles of the gas, and shows that the 
number of moles increases while the volume remains constant. Plot e shows that volume 
is inversely proportional to the number of moles (V 1/n), where the volume decreases 
as the number of moles increases. Table 3.3 and Figure 3.1 show, that 50% the students 
chose ‘a’ while 18% chose ’b,' 6% chose ‘c’ and 26% ‘e.’ 
 
Answer Choices and Assigned DOK Levels 
Table 3.4 and Figure 3.2, show that 58% the students’ written responses to their 
correct MCQ answer choices were assigned DOK level 1b,1. Although these students 
chose the correct answer, many of them were not able to draw the appropriate 
relationship between the volume and number of moles. Instead, many of them drew a 
relationship between the pressure and temperature of the gas sample. For example, a 
student wrote that ‘because as the pressure increases so does the temperature, (Table 3.8), 
The remaining eight responses (42%) were categorized as level DOK level 2,1. These 
responses showed a manipulation of the ideal gas law variables to draw the relationship 
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between ‘V’ and ‘n.’ Figure 16, is an example of one student’s response that drew such a 
relationship.  
The analysis of students’ written responses to their MCQ answer choices, 
revealed that many of these students were unable to infer correct relationships between 
the variables presented in the graph.  Similarly, Pickering, (1990), observed that students 
experience difficulty in solving conceptual problems about gases when presented to them 
in  form.  
 
Table 3.4: Students’ Written Responses to their correct 
MCQ answer choices categorized based on depth and 
quality of their rationales for each question.  
DOK Q1 Q2 Q3 
1,1 40 36 0 
1a,1 0 0 0 
1b,1 20 14 58 
2,1 0 14 42 
2,2 15 36 0 
2,3 0 0 0 
3,1 0 0 0 
3,2 0 0 0 































Students' Written Response to MC Q1-Q3
Figure 3.2: Students’ Written Responses to their correct MCQ 
answer choices categorized based on depth and quality of their 






Table 3.5: Students’ Written Responses to their incorrect 
MCQ answer choices categorized based on depth and 
quality of their rationales for each question.  
DOK Q1 Q2 Q3 
1,1 12 36 0 
1a,1 0 0 100 
1b,1 88 14 0 
2,1 0 14 0 
2,2 0 36 0 
2,3 0 0 0 
3,1 0 0 0 
3,2 0 0 0 
3,3 0 0 0 
 
 
Table 3.6: samples of students’ responses to Q1 that are categorized under Bloom’s  and Webb’s DOK. 
Bloom’s 1 and Webb’s DOK 
level 1 
The number of moles will be the 
same, therefore the number of 
molecules will be the same. 
Because everything is constant 
and equal number of molecules. 
Because they all have a 
constant T and P. 
Bloom’s 1a and Webb’s 
DOK level 1 
I do not know.    
Bloom’s 1b and Webb’s 
DOK level 1 
I choose b, because chlorine has 
the most weight. If the gas has a 
lot more atoms (electrons) it 
should also have a lot more 
particles. 
CH4 has the greatest number of 
molecules. It is composed of one 
carbon and 4 hydrogens, which 
add up to a total of 5 molecules. 
All other molecules have a 
smaller number of elements 
that are bonded together. CH4, 
has 5 molecules total. 1 
molecule of carbon and 4 
molecules of hydrogen.  
Bloom’s 2 and Webb’s DOK 
level 2 
All the gas samples have the 
same amount of molecule 
because P, R, V, and T are 
constant. 
I choose this answer because all 
the option have the same n value 
when each are place in PV = 
nRT. 
PV = nRT. 
n = PV/RT 
therefore the number of moles 
will be the same. 
Bloom’s 3 and Webb’s DOK 
level 3. 
I chose this answer because to 
find the number of molecules of 
the gases, we have to first find 
the number of moles and then 
multiply by 6.022 x 1023. The 
number of moles can be found by 
using the formula n = PV/RT 
where n = # of moles. P = 
pressure in atmosphere, T = 
temperature in Kelvin and R is 
PV = nRT. 
n = moles = PV/RT 
P,V, R, and T are all constant 
right, 1 atm, 1.0 L and 273 k.  
So ‘n’ is constant, they all have 
the same number of moles of 
molecules. 
N = 1 atm x 1.0 L/0.0821 
L.atm/mole.K x 273 K) = 0.0446 
moles. 
1) At STP (the case given) 
most gases conform fairly 
closely to the ideal gas law. 
2)  Ideal gas law: PV = nRT. 
3) Therefore n = PV/RT 
4) in the example, P = 1, V = 
1L, R = a constant, T = 0 oC 
for all gases. 
5) Therefore, n is the same for 



























Students' Written Response to MC Q1-Q3
Figure 3.3: Students’ Written Responses to their incorrect MCQ 
answer choices categorized based on depth and quality of their 






the constant calculated to be 
0.08206 (atm.L)/(moles.Kelvin). 
In this formula, the number of 
moles won’t change unless you 
change the volume, the 
temperature or the pressure. This 
led me to conclude that if the 
volume, temperature and pressure 
are the same the number of 
molecules will also be the same. 
And 0.0446 moles x (6.022 x 
1023 molecules/moles0 = 2.69 x 
1022 molecules. 
 
PV/RT is the same for all.  
 
 
Table 3.7: samples of students’ responses to Q2 that are categorized under Bloom’s  and Webb’s DOK. 
Bloom’s 1 and Webb’s DOK 
level 1 
The density of the gas does not 
change because the it is in a 
sealed container.  
The density of the gas does not 
change, the mass does not 
change, so the gas will remain 
the same in the container.  
The density of the gas does 
not change because the gas is 
in a closed container. You 
cannot add nor take gas.  
Bloom’s 1a and Webb’s 
DOK level 1 
Guessed. Really don’t know this. I guessed 
Bloom’s 1b and Webb’s 
DOK level 1 
I believe the density of the gas 
doesn’t change. Only the T, P, or 
V changes.  
All gases have space in between 
the molecules. As you heat the 
gas, each molecule would gain 
energy. This change in energy 
would cause the molecules of gas 
to move more rapidly around the 
container. Since the gases are 
moving more rapidly, the 
attractive forces between the 
molecules would decrease as the 
gas molecules are bouncing 
wildly around the container. This 
would cause the gas to be less 
dense If the gas were to be 
cooled. The molecules would 
slow down, and there would be 
less space in between the 
molecules.  
D=m/v. For gases, mas and 
volume are proportional. Thus 
increase in volume creates 
increase in mass. Therefore, 
density increases as well.  
Bloom’s 2 and Webb’s DOK 
level 2 
Density doesn’t change because 
the mass and volume hasn’t 
changed and the equation to find 
density is d=m/v, which is 
mass/volume. If both stay the 
same, density does as well. 
Nothing changes because it is a 
steel container and therefore 
neither the volume nor the 
number of molecules is changing 
because you are not adding or 
subtracting molecules. Since 
neither m nor v is changing, d 
stays the same assuming the 
container is sealed. If the 
container is unsealed, heating the 
gas would cause the gas to 
escape and the density would 
decrease.  
 
Bloom’s 3 and Webb’s DOK 
level 2 
D=m/v. In the problem, the gas is 
sealed in a steel container. 
Therefore, no gas can be added or 
removed, so the mass of the gas 
must remain the same. And 
presumably negligible expansion 
of the container due to the 
heating its volume does not 
change. Since neither the mass or 
volume changes, the density 
cannot change.  
 
For the density of the gas to 
change would require additional 
gas particles to be added or 
particles removed. Pressure 
changes with temp but if volume 








Table 3.8: samples of students’ responses to Q3 that are categorized under Bloom’s  and Webb’s DOK. 
Bloom’s 1b and Webb’s 
DOK level 1 
Because as the pressure increases 
so does the temperature.   
Because P and T are constant 
that means that they don’t 
change.  
Because if P and T are 
constant, there should be no 
change in V. 
Bloom’s 2 and Webb’s DOK 
level 1 
PV = nRT 
V = nRT/P 
So when n is bigger, V is bigger.  
At constant P and T, the large 
volume of gas the more 
molecules in it. Therefore, V1/n1 
=  V2/n2 
V = nRT/P 
When volume of gas getting 
greater, number of moles 
become greater too at constant 




In this study, I explored the use of Hess Cognitive Rigor Matrix because of its 
incorporation and coordination of both Bloom’s and Webb’s DOK taxonomies. This 
facilitated the opportunity to code students’ written responses across the four levels of 
Webb’s DOK taxonomy. Using the modified Hess Cognitive Rigor Matrix to code 
students’ open-ended responses showed a distribution of DOK for each concept taught 
where an average of more than 65% of students’ written responses to their correct MCQ 
answer choices were at DOK level 1b,1. Many of the students who chose the correct 
answer to the MCQs did not show evidence that they were able to recognize basic facts 
within the text and draw relationships between the variables. Additionally, approximately 
25 % of students who chose the correct MCQ answer exhibited a solid understanding of 
the concept within their written rationales. This study revealed, within students’ 
constructed responses to the MCQs, a range of their understanding of the ideal gas law 
and the relationship among its variables. Assessing students’ written responses with the 
modified Hess Cognitive Rigor Matrix allowed for me to gain a deeper insight on, not 
only what students know, but also depth of knowledge. Also, in determining students’ 
depth of knowledge for each concept taught, different degrees of misconceptions, 
consistent with known students’ misconceptions were also detected within their written 
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rationales for their answer choices. Using this particular assessment method, my findings 
(Aydeniz, et al, 2012; Bak Kibar, 2013; Beall, 1994; Kautz et al., 2005b; Liu, 2006; 
Wiebe & Stinner, 2010), are that students hold many misconceptions that are related to 
the behaviors and properties of gases. Based on these insights, I believe that the choice of 
an assessment method, such as the one used in this study, is vital to better understanding 
students’ misconceptions and addressing the same. The use of the modified Hess 
Cognitive Rigor Matrix has shown to be an effective assessment tool in measuring 












Study 2 (Determining Students’ DOK of Chemical Equilibrium Concepts) 
This study employed the use of an assessment method that was developed to 
uncover critical information about students’ depth of knowledge and their understanding 
of concepts of chemical equilibrium. The method of assessment (Table 4.1), which 
is a modified Hess’ Cognitive Rigor Matrix (Hess et al., 2009), was adopted and 
modified to analyze students’ constructed responses to multiple-choice questions. This 
assessment method was shown to be effective in measuring students’ depth of 
knowledge of gas stoichiometry and was therefore adopted to empirically investigate 
what and how much students know of chemical equilibrium concepts. This study is 
a continued effort to highlight the critical need for the use of multiple approaches to 
assessing students’ depth of knowledge of chemistry concepts as the case in this study, 
chemical equilibrium.  
The topic of chemical equilibrium is considered to be one of the more challenging 
chemical concepts for undergraduate students to understand (Huddle and White 
2000; Paiva et al. 2002; Sandberg and Bellamy 2004). The challenges faced by 
undergraduate students are due to the high degree of conceptual difficulties associated 
with the learning of chemical equilibrium concepts. Some studies (Ben-Zvi et al, 
1988; Voska & Heikkinen, 2000; Quilez-Pardo & Solaz-Poroles, 1995), revealed that 
the main reason for such difficulties is the great degree of abstraction associated with 
concepts of chemical equilibrium. The abstract nature of chemical equilibrium concepts 
can lead to significant misunderstanding (Bergquist & Heikkinen, 1990; Crosby, 1987; 
Huddle & Pillay, 1996; Wheeler & Kass, 1978) for students. Students who do not 
possess a full understanding of the fundamental concepts of chemical equilibrium may 
have difficulty in conceptually 
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grasping other concepts that assemble upon these principles. In addition, students who do 
not have a complete understanding of the foundational concepts in chemistry may be 
deficient in the conceptual knowledge needed to solve problems in chemistry (Gabel & 
Bunce, 1994). Therefore, it is important for instructors to employ methods of assessment 
that will give them clear insights into their students’ depth of knowledge of the chemistry 
concepts that they are taught in class. Multiple choice test is an assessment method that is 
frequently employed by instructors due to their ease of grading large class sizes. However, 
Mullen and Schultz (2012), in their study of short answers versus MCT for first year 
chemistry students, found that MCQs do not allow for students to demonstrate the depth 
of their knowledge of chemical concepts taught. However, as noted in chapter 3, MCT is 
still widely used as a means of managing large class sizes (Hadenfeldt et al., 2013), 
although studies (Desjardins et al., 2014; Douglas et al., 2012; Federer et al., 2015; 
Kuechler & Simkin, 2010; Lin & Hartman, 2011; Liu et al. 2011; Mullen & Schultz, 
2012; Nehm & Ha, 2011; NRC, 2011; Yan & Subramaniam, 2018) show that the sole use 
of MCT does not adequately measure students’ conceptual understanding and detecting 
students’ misconceptions. For this reason, MCT was not used as the sole method of 
assessment for this study because it does not allow students to demonstrate the depth of 
their knowledge or understanding (Mullen & Schultz, 2012), nor effectively detect 
students’ misconceptions (Desjardins et al., 2014; Lin & Hartman, 2011). 
The assessment method used in this study was adopted and modified to analyze 
students’ constructed responses to multiple-choice questions. Analogous to Lin and 
Mullen & Schultz, (2012) and the study on determining students’ DOK of gas 
stoichiometry, it was observed in this study that some students’ answer choices to the 
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multiple-choice questions alone did not gave much insight into their DOK about chemical 
equilibrium and also did not corroborate with their written responses. Many of their 
written responses showed that they either guessed the correct MCQ answer or did not 
hold a good understanding of the concept of chemical equilibrium. Several authors 
(Barnett-Foster & Nagy, 1996; Petrie, 1986; Frederickson, 1984) suggest MCQ alone 
does not provide deeper insights into higher order thinking by the students, instead the 
use of open ended questions is a more effective mode of assessing student understanding 
of chemical concepts (Bridgeman, 1992). Although open ended questions or short answer 
question can assess different degrees of students’ understanding (Palmer & Devitt, 2007), 
there can be discrepancies in instructors’ analysis of students’ responses, (Palmer & 
Devitt, 2007; Mullen & Schultz, 2012). The method of assessment employed in this study 
was designed to 1) effectively determine students’ DOK of knowledge of chemical 
equilibrium and 2) Remedy inconsistencies in analyzing students’ written responses. 
Therefore, the method of assessment employed in this study is anticipated to highlight 
and add to what is known about the critical need for the implementation of such an 
assessment. 
The method of assessment used in this study has authentically addressed the 
following research questions 1) How can the depth of knowledge (DOK) and students’ 
constructed responses be used to assess students’ depth of understanding in concepts of 
chemical equillibrium? and 2) What were some of the misconceptions that students in the 
study exhibited during the process of learning concepts in chemical equilibrium? The 
findings in this study show that students’ misconceptions were neither readily detected by 
their incorrect nor their correct responses to questions in multiple-choice 
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questionnaires. However, some misconceptions and different levels of students’ depth of 
knowledge were detected using Webb’s Depth of Knowledge Taxonomy within their 
written rationales for their answer choices. 
 
Context and Participants 
This study was conducted during the spring 2017 semester at several junior and 
senior City University of New York (CUNY) college campuses. Two hundred and sixty-
one students enrolled in general chemistry at several junior and senior CUNY campuses 
participated in this study. Ninety-three community college students took the pre-
questionnaire. One hundred and eighty-four community college students took the post-
questionnaire and seventy-seven senior college students took the post-questionnaire. The 
majority of the students enrolled in these courses were either engineering or pre-medical 
majors. The population of the student body was very diverse with respect to academic 
skills, ethnicity, age (18 years and older) and gender. 
 
Methodology 
The method, used in this study, as described in chapter 2, was adopted from the 
study done on students’ understanding and DOK of gas stoichiometry (chapter 3) and 
used to investigate students’ DOK and to detect their misconceptions associated with 
concepts chemical equilibrium. In this study, a questionnaire consisting of ten multiple 
choice questions, where each multiple-choice question was coupled with a required open-
ended response was developed by the primary investigator to evaluate students’ 
understanding and their DOK of various aspects of chemical equilibrium. The questions 
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were then validated by two chemistry professors (PhD) with an extensive background in 
teaching general and organic chemistry. The pre and post questionnaires consisted of the 
same questions. For the pre questionnaire, there were no major expectations for the 
students to choose the correct response. The idea of the pre questionnaire was to assess 
students’ depth of knowledge and any misconceptions they may hold via their multiple 
choice and written responses to the questions prior to instruction. The post questionnaire 
was to determine whether the lecture reduced any misconceptions students may hold and 
if their depth of knowledge decreased or increased. However, instructors from several of 
the CUNY campuses stated that because of time restrictions, it was not possible to allow 
their students to participate in the pre-questionnaire. Of the two hundred and sixty-one 
students who participated in the post questionnaires, ninety-three of those students 
responded to the pre questionnaires. It is important to note that the students who 
participated in both the pre and post questionnaires were from the same chemistry 
classes.  However, it was not possible to compare individual student’s pre and post 
responses due to the lack of improper coding by the students. The questionnaires were 
anonymous and each student was supposed to create a code (2 letters and 2 digits) in 
order to compare each individual’s pre and post responses. Unfortunately, many students 
did not follow the protocol, which made tracking and comparing each individual 
student’s response impossible. 
 
Student interviews 
Unstructured interviews, pre and post lecture on chemical equilibrium, with one 
group of community college students were conducted to further investigate the rationales 
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for their MCQ answer choices. These interviews were conducted immediately after 
students completed the pre and post questionnaires during classes that each span one hour 
and 40 minutes. The pre questionnaires were administered to the group of students in 
class prior to the lectures on chemical equilibrium and were given thirty minutes to 
complete the questions. After the lectures on chemical equilibrium, the post 
questionnaires were administered to the same group of students and were also given 
thirty minutes to answer the questions.   After the students completed the pre and post 
questionnaires in class, they were then asked to indicate by a show of hands, what their 
MCQ answer choices were to each question and the quantity of their responses were then 
recorded. Because of the limited amount of time left during that period, only the students 
who indicated that they chose the correct MCQ answer choices were asked to elaborate 
further on why they chose their answers. Both pre and post lecture interviews were not 
digitally recorded, instead, students’ responses to the interview questions were manually 
noted. Their verbal responses were assigned codes using the modified Hess’ Cognitive 
Rigor Matrix. The data collected from these interviews were compared to their written 
work to further investigate their depth of understanding of chemical equilibrium 
concepts.  
The analyses of students MCQ answer choices and corresponding written 
responses are two-fold. First, for those classes that participated in both the pre-
questionnaire and post-questionnaire, an overall comparison of students’ answers was 
drawn via an independent t-test (Table 4.4) to determine the average number of correct 
responses for the pre questionnaires versus the average number of correct responses for 
post questionnaires. Secondly, students’ responses were analyzed via a Chi square test 
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(Table 4.4) to compare each question type between the pre and post questionnaires. A Chi 
square analysis will indicate the number of incorrect responses in the pre and post 
questionnaires, and the number of correct responses in the pre and post questionnaires. 
The observed values, which are the sum of correct and incorrect responses for both pre 
and post questionnaires, were compared to an expected distribution (random distribution). 
For pre and post questionnaires, these numbers should be even and there should be no 
difference if there is no relationship between these groups (pre and post), H0: µ1 = µ2. 
However, if the observed values deviate from expected the values, then the chi square 
(p  0.05) is significant and there is a difference (H0: µ1 ≠ µ2) between students’ 
responses for the pre and post questionnaires.  
Table 4.1: Modified Hess’ Cognitive Rigor Matrix: Applying Webb’s Depth-of-Knowledge Levels to    




Depth & Thinking 
Level 1 
Recall and Reproduction 
Level 2 





Retrieve knowledge from 
long-term memory, 
recognize, recall, locate, 
identify 
o Recall, recognize, or 
locate basic facts, 
details events, or ideas 
explicit in text 
  
Remember (1a)  
Unable to retrieve 
knowledge from long-term 
memory, recognize, recall, 
locate, identify 
o Unable to recall, 
recognize, or locate 
basic facts, details 
events, or ideas 
explicit in texts. 
  
Remember (1b) 
Retrieve knowledge from 
long-term memory 
o Recall basic 
information but 
unable to make sense 




Construct meaning, clarify, 
paraphrase, represent, 
translate, illustrate, give 
examples, classify, 
categorize, summarize, 
generalize, infer a logical 
conclusion, predict, 
compare/contrast, match 
like ideas, explain. 




o Select appropriate 
words when intended 
meaning/definition is 
clearly evident 
o Describe what, when, 
how. 
o Define/describe facts, 
details, terms, 




o Give non-examples 
o Summarize results, 
concepts, ideas 
o Make basic inferences 
or logical predictions 
from data or texts 
o Identify main ideas or 
accurate 
o Explain, generalize, or 
connect ideas using 
supporting evidence 













o Locate information to 
support explicit-
implicit central ideas. 
Analyze (3) 
Break into constituent arts, 
determine how parts relate, 
differentiate between 
relevant-irrelevant, 
distinguish, focus, select 
organize, outline, find 
coherence, deconstruct 
o Identify whether 
specific information is 
contained in Graphic 
representations (e.g., 











o Analyze information 






o Use reasoning and 
evidence to support 
inferences. 
*the same as tables 1.3 and 2.3 
 
Grouping of students MCQ answer choices and written explanations 
Although students from several community and senior colleges participated in this 
study, initial analysis of their completed questionnaires uncovered no significant 
differences in their MCQ answer choices and their corresponding written rationales. 
Assigned DOK levels to both groups of students written responses demonstrated each 
group’s similar understanding of chemical equilibrium concepts. For this reason, it was 
more informative that the grouping of students MCQ answer choices and their 
corresponding written responses were assigned as summarized in Table 4.3. Not every 
instructor administered the pre questionnaires to their students because of the lack of 
available class time in which to do so. Only students from some of the junior colleges 
participated in completing the pre questionnaires. All of the junior and senior colleges 
that participated in this study completed the post questionnaires. The students (N = 93) 
from the junior colleges who participated in completing the pre questionnaires were 
assigned as 1) group 1 for those who chose the correct MCQ answer choice and 2) group 
2 for those who chose the incorrect MCQ answer choice. The students (N = 176) from the 
junior and senior colleges who participated in completing the post questionnaires only 
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were assigned as 1) group 3 for those students who chose the correct MCQ answer choice 
and 2) group 4 for those students who chose the incorrect MCQ answer choice. Group 5 
was assigned to the students (N = 261) from both junior and senior colleges who chose 
the correct MCQ answer choices. Eight of the students from the junior colleges who 
participated in completing the pre questionnaires, were absent on the day that the post test 
was administered, therefore decreasing the head count to 85. 
 
Results and Discussion 
Table 4.4 & Figure 4.1 summarize the percentage of group 1 students’ correct 
responses to both the pre and post MCQs that were compared to determine if there was an 
increase in correct responses after the lecture on chemical equilibrium concepts. Table 
4.6 and Figure 4.3 show the percentage of all students’ correct responses, including those 
who answered the post questionnaire only, were also compared to determine statistical 
significance between the two groups. T-Test and Pearson Chi square analyses (Table 4.4) 
were conducted to compare the percentage of students’ correct responses to MCQs for 
both pre and post questionnaires. The analyses show the correlations between the correct 
responses for the pre and post questionnaires for questions one through nine were 
significant (p = .001). While for question 10, T-test (p = .086) and Pearson Chi-Square (p 
= .056) analyses results show that there is no correlation between the pre and post correct 
responses. Although there was an increase (Table 4.4) in correct responses for question 
10 to the post questionnaire, the results suggest that the 1% of correct response for the pre 
questionnaire was due to chance since the student indicated via the written response to 
the MCQ that the answer was a ‘guess.’ Table 4.6 & Figure 4.3 show that for the 
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percentage of all students’ correct responses, the results show significant correlation 
between the overall correct responses for all questions except for question three, test (p = 
.074) and Pearson Chi-Square (p = .061).  Overall, results of all students’ responses for 
questions one through ten, whether or not statistically significant, show that there was an 
increase in correct responses post lecture.  
The overall results of this study as seen in Tables 4.10 & 4.12 and Figures 4.9, 4.12 & 
4.13 show that although there were increases in the number of correct responses for the 
post lecture, the analysis of students’ written responses to their correct multiple choice 
answers suggest that the students did not hold a solid understanding of chemical 
equilibrium concepts taught. These concepts utilized by the ten questions on the 
questionnaire are, according to research (Özmen, 2008; Piquette & Heikkinen, 2005; 
Huddle & Pillay, 1996; Hackling & Garnett, 1985), concepts which students frequently 
hold common misconceptions are as follows: 
1) Questions 1, 3: at equilibrium, the rates of the forward and reverse reactions are 
equal and the net rate is equal to zero. However, the individual rates of the 
forward and reverse reactions are not equal to zero.  
2) Questions 1: Although nothing seems to be happening on the macro level, 
equilibrium in molecular systems is dynamic in which the forward and reverse 
reaction is continuing at the same rate. 
3) Questions 2, 4, 6 and 7: Equilibrium constants vary with a change in temperature. 
Increasing or decreasing the temperature will shift the equilibrium position to 
favor the reaction, which is endothermic or exothermic. An increase in 
temperature and k value will shift the reaction to the right and the reaction is 
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considered to be endothermic. A decrease in temperature and k value will shift in 
the reaction to the left and the reaction is also considered to be endothermic. For 
an exothermic reaction is an increase in temperature and a decrease in the k value, 
or an increase in the k value and a decrease in the temperature. For example, heat 
is considered as a product for exothermic reactions, therefore, the addition of heat 
to an exothermic system will cause the equilibrium to shift to the left and a 
decrease in the equilibrium constant.  
4) Questions 7: The concentrations of the reactants and products may also vary with 
a change in temperature. These concentrations may also vary depending on initial 
conditions.  
5) Question 5: ‘Stressing’ a system by removing or adding a reactant or product will 
cause the equilibrium to shift toward the direction that reduces the stress.  
6) Questions 8 and 9: Equilibrium can involve reactants and products that are in one 
phase (homogeneous) or more than one phase (heterogeneous). For heterogeneous 
equilibrium, the equilibrium position is not dependent on the presence of pure 
liquids or solids. Activities of pure liquids and solids are approximately equal to 
one and are therefore not included in equilibrium concentration expressions.  
7) Question 10: Equilibrium can approach from either side of a reaction. Therefore, 
the equilibrium expression for a reaction is the reciprocal of the reaction in the 
opposite direction. If K = [x] then the reciprocal is 1/K = 1/[X].  
There were no expectations of students to choose the correct response on the pre 
questionnaires. However, post lecture, having being taught the concepts, students were 
expected to choose the correct answers and articulate their understanding of these 
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concepts through their written rationales to their MCQs choices on the post 
questionnaires. For each concept in chemical equilibrium tested, the results were 
categorized as follows: 1) Rate and a system at equilibrium (Q1 and Q3). 2) 
Homogeneous and heterogeneous equilibrium (Q8 and Q9). 3) Effects of temperature and 
concentration on the constancy of the equilibrium constant (Q2, 4, 5, 6 & 7). and 4) 
Equilibrium law (Q10).  
 
Table 4.2: Ten multiple-choice questions with open-ended questions. 
Question 1 Question 2 Question 3 
11.   Which of the following is true about a system 
at equilibrium? 
f. The concentration(s) of the reactant(s) 
is equal to the concentration(s) of the 
product(s). 
g. Reaction goes to completion and no 
new products are formed. 
h. The concentration(s) of reactant(s) is 
constant over time. ** 
i. The rate of the reverse reaction is equal 
to the rate of the forward reaction and 
both rates are equal to zero. 
j. The forward reaction goes to 
completion before the reverse reaction 
commences 
 
Why did you choose your answer? State in 
detail the rationale that supports your 
answer: 
Which of the following 
statements concerning 
equilibrium is not true? 
f. A system that is disturbed 
from an equilibrium 
condition responds in a 
manner to restore 
equilibrium. 
g. Equilibrium in molecular 
systems is dynamic, with 
two opposing processes 
balancing one another. 
h. The value of the 
equilibrium constant for a 
given reaction mixture is 
the same regardless of the 
direction from which 
equilibrium is attained. 
i. A system moves 
spontaneously toward a 
state of equilibrium. 




Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
12. Consider the following equation: 
  
13. CO(g) + H2O(g)  CO2(g) + H2(g)  
 
14. Which of the following must be true 
at equilibrium? 
f. [CO2] = [H2] because they are 
in a 1:1 mole ratio in the 
balanced equation. 
g. The total concentration of 
reactants is equal to the total 
concentration of the products. 
h. From the data provided it can 
be inferred that the total 
concentration of the reactants 
is greater than the total 
concentration of the products. 
i. From the data provided it can 
be inferred that the total 
concentration of the products 
is greater than the total 
concentration of the reactants. 
j. None of these is true. ** 
 
Why did you choose your answer? 
State in detail the rationale that 
supports your answer: 
Question 4 Question 5 Question 6 
Consider an exothermic chemical system at 
equilibrium. If heat is added to the system, 
which of the following is true?  
f. Equilibrium shifts to the left and 
the value of K increases. 
g. Equilibrium shifts to the right and 
the value of K increases. 
h. Equilibrium shifts to the right and 
the value of K decreases. 
i. Equilibrium shifts to the left and 
the value of K decreases. ** 
15. Suppose we have the following 
reaction at equilibrium: 
  PCl5(g)         
PCl3(g) + Cl2(g) 
Which of the following 
statements is false? 
f. Adding PCl3 to the system 
shifts the equilibrium to 
form more PCl5. 
g. Removing PCl3 from the 
system shifts equilibrium 
16. For a certain reaction at 25.0C, the 
value of K is 1.2  10–3. At 50.0C, 
the value of K is 3.4  10–1. This 
means that the reaction is: 
f. Exothermic. 
g. The K value is not related to 
thermicity (endothermic or 
exothermic).  
h. Endothermic. ** 
i. More information is needed to 
answer the question. 
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j. Equilibrium shifts, but the value of 
K stays constant. 
 
Why did you choose your answer? State in 
detail the rationale that supports your 
answer: 
 
to the right. 
h. Removing PCl5 from the 
system shifts the 
equilibrium to form more 
PCl3. ** 
i. Removing Cl2 from the 
system shifts the 
equilibrium to the right 
j. Adding Cl2 to the system 
shifts the equilibrium to 
the left. 
 
Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
j. The reaction is neither 
endothermic nor exothermic. 
 
Why did you choose your answer? 
State in detail the rationale that 
supports your answer: 
 
Question 7 Question 8 Question 9 
17. Consider the following equilibrium: 2H2(g) + 
X2(g)  2H2X(g) + energy 
                                                                                                                                                                                                                        
Increasing the temperature will cause 
f. the reaction to occur to produce H2X 
g. the reaction to occur to produce H2 and 
X2 ** 
h. the reaction to occur to produce H2 but 
no more X2 
i. no reaction to occur 
j. an explosion 
 
Why did you choose your answer? State in 
detail the rationale that supports your 
answer: 
 





The equilibrium constant for the 
reaction as written is: 
f. K =  
g.  ** 
h.  
i. K = [H2O]2 
 
j. K =  
 
Why did you choose your 
answer? State in detail the 
rationale that supports your 
answer: 
19.   Consider the reaction 
At 1273 K, the Kp 
value is 167.5. What is the  at 
equilibrium if the  is 0.17 atm 
at this temperature? 
f. 2.7 atm 
g. 0.085 atm 
h. 11 atm 
i. 5.3 atm ** 
j. The answer cannot be 
determined since the 
concentration of carbon, [C], is 
not given. 
 
Why did you choose your answer? 
State in detail the rationale that 









i. 23.1 ** 
j. 0.208 
 







Table 4.4: Percentage (%) of Group 1 Students’ correct responses to MCQs for pre and post 
questionnaires.  
Question 
Percent (%) Pre 
(N = 93) 
Percent (%) Post  
(N = 85) 
% Difference T-Test Pearson Chi-Square 
Q1 10 35 25 .001 .001 
Q2 11 52 41 .001 .001 
Q3 16 21 5 .004 .001 
Q4 8 34 26 .001 .001 
Q5 19 44 25 .001 .001 
Q6 22 46 24 .001 .001 
Q7 15 38 23 .001 .001 
Q8 6 33 27 .001 .001 
Q9 16 32 16 .001 .001 













































Students' Responses to MCQ (Q 1 - 10)
Figure 4.1: Percentage (%) of Group 1 Students' Correct Responses for 
students who took both pre and post questionnaires.
 Pre Test (N = 93)
 Post Test (N = 85)
Table 4.3: Student groups.  
Group Description Group Number 
Students who responded to both pre and post 
questionnaires – correct MCQ responses 
1 
Students who responded to both pre and post 
questionnaires – incorrect MCQ responses 
2 
Students who responded only to the post questionnaire 
– correct response 
3 
Students who responded only to the post questionnaire 
– incorrect response 
4 
Combined students’ responses to the post questionnaire 5 
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Table 4.5: Percentage (%) of Group 3 
students’ (N = 176) Correct vs Incorrect 
Responses  
Questions (Q) Correct Incorrect 
Q1 29 71 
Q2 61 39 
Q3 28 72 
Q4 34 66 
Q5 56 44 
Q6 27 73 
Q7 43 57 
Q8 48 52 
Q9 35 65 
Q10 27 73 
 
 
        
Table 4.6: Percentage (%) of Group 5 Students’ Correct MC 
Responses (N = 261) to Post-Test vs Group 1 Students’ 
Correct Responses (N = 93) to Post-Questionnaire. 
Questions Pre (93) Post (261) T-Test 
Pearson 
Chi-Square 
Q1 10 29 .001 .001 
Q2 11 61 .001 .001 
Q3 16 28 .074 .061 
Q4 8 34 .001 .001 
Q5 19 56 .001 .001 
Q6 22 27 .041 .033 
Q7 15 43 .001 .001 
Q8 6 48 .001 .001 
Q9 17 35 .001 .001 









































Students' Responses to MCQ (Q 1 - 10)








Rate and a system at equilibrium 
Post lecture, students were expected to know that at equilibrium, the 
concentration of the reactants and products are constant. Q1 and Q3 (Table 4.2) test for 
students’ understanding of a system’s concentrations of reactants and products and the 
forward and reverse rates of reaction at equilibrium. The answer choices for both of these 
questions include a main misconception in which students may think that the 
concentration of the reactants are equal to the concentration of the products for a system 
at equilibrium, (Doymus, 2008; Tyson, et al, 1999; Huddle & Pillay, 1996; Hackling 
&Garnett, 1985).  
 
MCQ answer choices 
Group 1 students’ selection of the incorrect MCQ choice to Q1 and Q3 suggests 
that their MCQ responses reflect that they hold the misconception embedded in that 







































Students' Responses to MCQ (Q1 - Q10)
Figure 4.3: Percentage (%) of Group 5 Students' Correct MC Responses (N = 261) to Post 





the students who chose ‘a,’ believe that the concentration of reactants is equal to the 
concentration of products for a system at equilibrium. Similarly, for Q3 (Table 4.7 and 
Figures 4.4 & 4.5), 47% (pre) and 42% (post) of the students who chose ‘b’ also believe 
that ‘the total concentration of reactants is equal to the total concentration of the 
products.’ The same pattern is observed for group 3 (Table 4.3) students, where 29% and 
44% of their answer choices to Q1 and Q3 (Table 4.8 and Figure 4.6) respectively, 
suggest that they also believe that for a system at equilibrium, the concentration of 
reactants are equal to the concentration of products. Table 4.9 and Figure 4.7 show, 35% 
and 44% of group 5 students’ responses to Q1 and Q3 respectively suggest that they also 
believe that the total concentration reactants are equal to the total concentration of 
products for a system at equilibrium. Similar misconceptions were noted by Özmen 
(2008).  
Other misconceptions included in the answer choices for Q1 (Table 4.2) are: 1) 
students might think that the forward and reverse rates are equal to zero (Bilgin & Geban, 
2006). Tables 4.7 & 4.8 and Figures 4.4, 4.5 & 4.6 show that 29% and 20% of group1 
students and 33% of group 3 students respectively who chose ‘d’ as their answer, suggest 
that they believe that the individual rates are equal to zero. Overall, Table 4.9 and Figure 
4.7 show that nearly 29% of combined students’ responses reflect the misconception that 
the forward and reverse rates are equal to zero. I have not found any empirical studies 
which show that some students answer choices to MCQ also believe that individual rates 
are equal to zero.  2) Students might ignore or not be aware of microscopic dynamic 
equilibrium and think that a reaction goes to completion without forming new products. 
Table 4.8 and Figure 4.6 show that only 5% (pre) and 4% (post) of group1 students, 3% 
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of group 3 and 4% of combined students’ responses answers reflect this misconception. 
Özmen, (2008), Piquette, & Heikkinen, (2005), Bergquist & Heikkinen, (1990), Nakhleh, 
(1992), and Wheeler & Kass, (1978), also found that students may focus on the 
macroscopic where there seems to be nothing further happening with the reaction; or the 
reverse reaction will only happen after the forward reaction is completed. 3) Students 
might believe that the forward reaction has to go to completion before the reverse 
reaction begins. Overall, Tables 4.7, 4.8 & 4.9 and Figures 4.4, 4.5, 4.6 & 4.7 show that 
only a very small percent (< 5%) of answer choices for Q1, answer choice ‘e’ suggest 
that students believe that a reverse reaction will begin only after the forward reaction 
ends. Özmen, (2008) and Hackling & Garnett (1985), showed that students believe that a 
reverse reaction will begin after the forward reaction is completed.   
 
Assigned DOK level 1,1 to MCQ 1 
Based on students’ MCQ answer choices to question 1 (Table 4.4 and Figure 4.1), 
10% (pre) and 35% (post) of group 1 students, chose the correct response, which is the 
concentrations of the reactants and products are constant for a system at equilibrium 
(Table 4.2). For group 1 students, a comparison of Tables 4.10 and Figures 4.8 & 4.9 
show that post lecture, there was a very small increase, 33%  and 37% respectively, 
which is a 12% increase in assigned DOK 1,1 for Q1. Compared to group 1, there was a 
significant increase, 10% (pre lecture) and 26% (post lecture), which is a 16% increase in 
assigned DOK 1,1 (Table 4.11 and Figures 4.10 & 4.11) for group 2 students’ written 
responses to the MCQ choices in the questionnaires. Although groups 3 and 4 students 
did not participate in responding to the pre questionnaires, their responses can be 
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compared to the post lecture responses for group 1 and group 2 students. 29% of group 3 
students chose the correct MCQ answer choice (Table 4.5 and Figure 4.2) and 44% of 
their written rationales to their correct MCQ answer choices were assigned DOK level 
1,1 (Table 4.12). Table 4.12 and Figure 4.13 also show that 8% group 4 students’ written 
responses were also assigned DOK level 1,1.  
Comparatively, the written responses of all four groups of students suggest that 
the students have a very basic understanding of concentrations of reactants and products 
of a system at equilibrium. Students were able to state some correct facts about a system 
at equilibrium but an in depth, solid understanding of the concept was not demonstrated 
through their written responses. For example, one student who chose incorrect response 
‘d’ to the MCQ, wrote ‘the forward and reverse reactions occur at equal rates (Table 
4.13),’ while another student who chose the correct response ‘a,’ wrote ‘because at 
equilibrium, means there are no more changes in the concentrations of the reactants and 
products, and they all remain constant (Table 4.13).’ Although these statements are 
correct, the students did not explicitly indicate their understanding that the net rate and 
not the individual rates are equal to zero. It appeared that the students were able to 
mechanically regurgitate an explanation without fully understanding that individual rates 
are not equal to zero. 
 
Assigned DOK level 1,1 to MCQ 3 
Group 1 students’ correct MCQ responses to question 3 on the pre and post 
questionnaire, suggest that 16% and 21% (Table 4.4) of them respectively, understand 
that a balanced equation does not infer equal concentrations of reactants and products of a 
71 
 
system at equilibrium. However, their written responses suggest otherwise. Table 4.10 
and Figures 10a & 10b show that 0% and 11% of their written rationales for the pre and 
post questionnaires respectively, were assigned DOK level 1,1. Tables 4.5 & 4.8 and 
Figures 4.2 & 4.6 show that Group 3 students’ selection of the correct MCQ answer 
choice ‘e,’ also suggests that 28% of them understand this concept. However, although 
the percentage of correct responses are 7 times higher than that of group 1 (post lecture), 
the percentage of assigned DOK level 1,1, which is 5% (Table 4.12), for group 3, is 
significantly smaller than that of group 1 students. Comparatively, Table 4.11 and Figure 
4.11 show that post lecture, 2% of group 2 students’ written responses were assigned 
DOK level 1,1. This was a 3% difference in assigned DOK level 1,1 between group 2 and 
3, in which 2% of group 2 students who chose the wrong MCQ showed a basic 
understanding of concentrations of reactants and products at equilibrium through their 
written responses.  
Although there are considerable differences in the percentages of assigned DOK 
level 1,1 for these three groups of students, their written responses are parallel. The 
students were able to infer that a balance chemical equation does not signify that a 
reaction is at chemical equilibrium. Samples of their written responses are noted in Table 
4.15.  
 
Assigned DOK levels 1a,1 and 1b,1 to MCQs 1 and 3 
Table 4.10 and Figures 10a & 10b show that for Q1, nearly half (44%) and 23% 
of group 1 students’ written responses to the pre and post questionnaires respectively, 
were assigned DOK level 1a,1. While there was a decrease in assigned DOK level 1a,1 
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for this group of students’ written responses, there was an increase in assigned DOK level 
1b,1 (from 23% to 27%), which suggests that students had some form of knowledge 
enough to attempt a more detailed written response instead of simply writing “I guessed 
(Table 4.13).” Table 4.12 and Figure 4.12 show that 18% of group 3 student’s written 
responses to their correct answer choices for Q1 were assigned DOK level 1b,1, while 
another 32% were assigned DOK level 1a,1. Table 4.10 and Figures 4.8 & 4.9 show a 
similar pattern for group 1 students’ written responses to Q3, where there was a 
substantial decrease in DOK level 1a,1 (from 80% to 39%)  and an increase in the 
assigned DOK level 1b,1 (from 20% to 50%) for pre and post questionnaires 
respectively. Table 4.12 and Figure 4.12 show that for group 3, greater than 50% of these 
students’ written responses to their correct MCQ answer choices were assigned DOK 
level 1b,1, while 38% was DOK level 1a,1. The results indicate that students undoubtedly 
chose their MCQ answers by random since their written responses clearly showed that 
they guessed and held little to no knowledge of concentrations and rates of a system at 
equilibrium. Table 4.13 for example, show that for Q1, some students wrote ‘I don’t 
know’ or ‘I guessed’ and therefore this type of written response is assigned DOK level 
1a,1. Table 4.15 show a similar response for Q3 where the student stated, ‘educated 
guess.’ 
A significant amount of the written responses for Q1 and Q3 that were assigned 
DOK level 1b,1 for the pre and post questionnaires show that students were able to recall 
information but was not able to make sense of what the questions were asking. For 
example, some students believe that a balanced equation shows a system at equilibrium. 
Table 4.13 shows one such example where one student’s response that was assigned 
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DOK level 1b,1 where it was stated that ‘the equation will have to be balanced.’ Hackling 
& Garnett, (1985) also reported similar misconceptions where they observed students 
took into consideration the coefficients in chemical equations to determine that the rates 
of the forward and reverse were equal.  
 
A Deeper Understanding of Chemical Equilibrium 
For Q1, 13% of group 1 (Table 4.10), 5% of group 2 (Table 4.11), 6% of group 3 
(Z) and 3% of group 4 (Table 4.12), students’ written responses show a deeper 
understanding of concentration and rates of a system at equilibrium and was therefore 
assigned DOK level 2,1. Table 4.13 highlights one such example of a student’s response 
where it was stated, “the reaction does not stop, but it reaches a dynamic equilibrium 
when the rates of the forward and reverse reactions become equal (constant), not equal to 
zero.” The students who chose the correct MCQ answer choice and those who chose the 
incorrect MCQ answer choice were able to articulate through their written responses that 
the system reaches a dynamic equilibrium where the forward and reverse rates are equal 
but not equal to zero. For Q3, only 1% of group 3 (Table 4.12) students’ written 
responses to their correct MCQ answer choices were assigned DOK level 2,1. Table 4.15 
shows that the student understands that without a k value for the equation shown, it is not 
possible to determine the direction of the reaction.  
 
Homogeneous and heterogeneous equilibrium 
The concept here is quite simple, solids and liquids are not included in the 
equilibrium equation. However, the DOK that students should exhibit is in stating that Le 
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Chatelier’s principle is not applied to solids and liquids for a system at equilibrium and 
that the activities of their concentrations are equal to one. Research (Özmen, 2008; 
Kousathana and Tsaparlis, 2002; Banerjee, 1991; Gorodetsky and Gussarsky, 1986; 
Wheeler & Kass, 1978) shows that students believe that Le Chatelier’s principle can be 
applied to liquids and solids in heterogeneous systems at equilibrium. Table 4.2 shows 
that  Q8 and Q9 tested for students understanding of the application of Le Chatelier’s 
principle to a heterogeneous system at equilibrium. For Q8, students are supposed to 
choose the correct equilibrium equation that applies to a heterogeneous system 
involvement of hydration of Calcium chloride. For Q9, students are supposed to apply 
their understanding of the application of Le Chatelier’s principle to heterogeneous system 
at equilibrium, which involves the reaction of solid carbon with gaseous Carbon dioxide 
to form gaseous Carbon monoxide by algorithmically solving for the pressure in 
atmospheres of Carbon monoxide.  
 
MCQ answer choices to Q8 and Q9 
Students who responded to both the pre and post questionnaires for Q8 and Q9, 
their selection of the incorrect MCQ choice suggests that they believe the Le Chatelier’s 
principle applies to both solids and liquids for a heterogeneous system at equilibrium. 
Tyson et al, (1999), in their study of students’ alternate conceptions found that addition of 
a solid to an equilibrium mixture will cause a shift in the system.  Table 4.7 and Figure 
4.4 show that for Q8, 43% and 12% of the students’ selection of ‘A’ and ‘E’ respectively, 
as their answer choices for the pre questionnaires while 42% and 4% suggest that they 
believe that Le Chatelier’s principle applies to the concentrations of solid Calcium 
75 
 
chloride and Calcium chloride anhydrate in the system at equilibrium. Table 4.7 and 
Figure 4.5 show that for the post questionnaires, these percentages decreased to 42% and 
4% for answer choices ‘A’ and ‘E,’ which suggest that a great number of students still 
believe, even post lecture on chemical equilibrium, that solids are included in the 
equilibrium equation. Table 4.7 and Figures 4.4 & 4.5 also show that for Q9, similar 
possible misconceptions are noted in students’ answer choice ‘E,’ where 20% and 26% 
for pre and post questionnaires responses suggest that students believe that they are 
unable to solve for the pressure (atm) of gaseous carbon monoxide because the 
concentration of solid carbon was not given. For Q 9, the increase (post lecture) in 
answer choice ‘E’ suggests that 6% more students still hold the misconception of the 
application of Le Chatelier’s principle to solid carbon in the reaction at equilibrium.  
Table 4.8 & Figure 4.6 show that 14% and 4% of group 3 students’ selection of 
‘A’ and ‘E’ answer choices to Q8 MCQ, suggest that they also believe that the 
concentration of solids are included the equilibrium equation. Similarly, Table 4.8 & 
Figure 4.6 show that 11% of the students’ answer choices to the Q 9 MCQ suggest 
similar misconceptions of concentrations of solids in a system at equilibrium. Overall, 
Table 4.9 & Figure 4.7 show, a greater number of students chose the incorrect response 
35% (A) and 7% (E) over the correct answer choice ‘B’ for Q8. Although more 30% of 
the students chose the correct response for Q9, a significant percentage (17%) of students 
chose the answer choice that contained the main misconception of concentrations of 
solids in a system at equilibrium.  
 
Assigned DOK level 1,1 
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Table 4.4 and Figure 4.1 show that 6% and 16% of group 1 students chose the 
correct answer choice for Q8 and Q9 pre questionnaires respectively. There was a notable 
increase, 33% and 32% in correct responses for both Q8 and Q9 questionnaires 
respectively. Table 4.10 and Figures 4.8 & 4.9 show significant increases in assigned 
DOK level 1,1, from 0% to 43% and 33% for Q8 and Q9 respectively to the post 
questionnaires. Post lecture, students’ responses revealed that they were able to restate 
very basic facts about solids and gases in a system at equilibrium. Table 4.20, for 
example, shows that students’ written responses for Q8 suggests that they understand that 
solids and liquids are not included in the equilibrium equation, while for Q9, they simply 
show the algorithmic solution (Table 4.21). Simply mathematically stating how the 
pressure (atm) of gaseous Carbon monoxide is obtained for Q9 does not infer students’ 
understanding of the application of Le Chatelier’s principle to heterogeneous systems. 
Studies (Yildirim, 2011; Kousathana & Tsaparlis, 2002; Weerawardhana, 2003; Quilez, 
2004) show that quite often, students are able to solve problems algorithmically without 
understanding the concept(s) behind the problem. Table 4.11 and Figure 4.10, show that 
for the pre questionnaires, 1% of group 2 students’ responses to Q9 indicated that the 
students were able to recall basic facts and algorithmically solve for the partial pressure 
of Carbon monoxide, while 0% of group 1 students (Table 4.10 and Figure 4.8) were not 
able to. Similarly, Table 4.12 shows that 25% and 22% of group 4 students’ responses for 
Q8 and Q9 respectively, although choosing the incorrect MCQ answer, reflect similar 
recall of basic facts. These results indicate that each group of students has a surface 




Assigned DOK levels 1a,1 and 1b,1 
Table 4.10 and Figure 4.8, show that for Q8 and Q9, 100% assigned DOK level 
1a,1 to group 1 students’ written responses revealed that these students guessed the 
answer. Tables 4.20 & 4.21 show a corroboration by their written responses where many 
of them stated either they ‘totally guessed,’ ‘I’m not really sure’ or ‘simply guessed.’ 
Table 4.10 and Figure 4.8 also show that post lecture, the number of assigned DOK level 
1a,1 decreased to 32% and 41% where the students still stated that they guessed the 
correct MCQ answer for Q8 and Q9 respectively. Comparatively, Table 4.12 shows that 
25% and 53% of group 3 students’ also guessed the correct MCQ answer for Q8 and Q9 
respectively.  
Interestingly, Table 4.10 and Figure 10a show an increase from 0% to 21% and 
19% of assigned DOK 1b,1 for Q8 and Q9 for group 1 students. Relatively, Table 4.12 
shows that 22% and 15% of group 3 students were also able to recall information but not 
able to make sense of the concept asked in the question. Based on some these students’ 
written responses to Q8, it appears that they were not familiar with or confused about 
chemical formulas that contains dihydrates. For example, Table 4.20 shows that one 
student stated that ‘2 is a coefficient and cannot be in the middle of a formula. Table 4.21 
shows that some students believe that more information is needed to solve for PCO in Q9. 
These results show although students from each group chose the correct MCQ answer, 
they exhibited little understanding of a heterogeneous system at equilibrium. Also, the 
results show that some of these students seem to understand that solids are not included 
in the equilibrium constant but were unable to use the correct equilibrium equation for Q8 
and Q9. The results also indicate that they do not fully understand that for the equilibrium 
78 
 
equation, the constant (k) is equal to the concentration(s) of the product(s) divided by the 
concentration(s) of the reactants and that these concentration(s) are raised to the power of 
the coefficients of the reactants and products in the balanced equation. 
 
Assigned DOK level 2,1 
Students’ written responses that were assigned DOK level 2,1 suggest that they 
have a deeper understanding of a heterogeneous system at equilibrium. Tables 4.10, 4.11, 
4.12 and Figures 4.8, 4.9, 4.10, 4.11, 4.12 & 4.13 show the percentage of assigned DOK 
2,1 to Q8 and Q9 for groups 1, 2, 3 and 4 students’ written responses, respectively. The 
percent differences for Q8 are significantly comparable between each group. Tables 4.10 
& 4.11 and Figures 4.9 & 4.11 show that for the post questionnaires, there was 2% 
difference for groups 1 and 2 while Tables 4.12 and Figures 4.12 & 4.13 show a 0% 
difference between groups 3 and 4. Comparatively, for Q9, Tables 4.10 & 4.11 and 
Figures 4.8, 4.9 & 4.11 also show a 2% difference between groups 1 and 2 while Table 
4.12 and Figures 4.12 & 4.13 a 0% difference between groups 3 and 4. These results 
show that the percent difference is minimal between the groups that choose the correct 
MCQ answer versus the groups that chose the incorrect MCQ answer. These groups of 
students written responses show that they have a solid understanding of the fact Le 
Chatelier’s principle does not apply to solids and liquids in a heterogeneous system and 
equilibrium and ‘why’ they are not included in the equilibrium equation.  
 
Effects of temperature on constancy and concentrations effects  
on shifts in equilibrium 
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Table 4.2 shows that Q2, Q4, Q6 and Q7 test for students’ understanding of effect 
of temperature on the constancy of the equilibrium constant and concentration shifts for a 
system at equilibrium. While the two main misconception embedded in the answer 
choices are: 1) Equilibrium constant is independent of temperature, (Hackling & Garnett, 
1985). Students’ answer choices of ‘E’ and ‘B’ for Q2 and Q6 suggest that they hold such 
a misconception of the dependency of k on temperature. 2) A prediction of the direction 
of an equilibrium shift without knowing if a system is endothermic or exothermic Voska 
& Heikkinen, (2000). Students’ answer choices that do not include ‘D’ and ‘B’ for Q4 
and Q7 also suggest that they do not fully understand or believe the misconception as 
describe by Voska & Heikkinen, (2000). Table 4.2 also shows another misconception that 
is embedded in Q5 where students may think that the equilibrium will shift to the 
opposite side of added or removed substance. Özmen, (2008) also found that some 
students believe that an equilibrium shift occurs towards the side of which a substance is 
added to a system.  
 
MCQ answer choices 
Tables 4.7, 4.8 & 4.9 and Figures 4.4, 4.5, 4.6 & 4.7, show students’ MCQ answer 
choices to Q2, Q4, Q6 and Q7. Examining group 1 students’ progress from pre 
questionnaire to post questionnaire, the number of correct responses for Q2 and Q6 
increase 17% and 27% respectively. For Q4 and Q7, the number of correct responses 
increased by 26% and 22% respectively. The percentage of correct responses for group 3 
students’ for Q3 and Q7 are comparable to that of the group 1 students for the post 
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questionnaire. However, the number of correct responses to Q2 and Q6 for group 3 
students was significantly higher than that of group 1 students.  
 
Assigned DOK level 1,1 
Comparing group 1 and group 3 students’ responses to the MCQ would suggest 
that group 3 students have a higher percentage of students who understand the concept of 
effect of temperature on concentrations and the constancy of the equilibrium constant of a 
system at equilibrium. In addition, it is expected that groups 1 and 3 students’ written 
responses reflect a deeper understanding of chemical equilibrium concepts than those of 
groups 2 and 4 students. However, Tables 4.10 & 4.11 and Figures 4.9 & 4.11 show that 
post lecture, for groups 1 and 2 students, there was an increase in assigned DOK level 1,1 
to Q2, Q4, Q6 and Q7. Additionally, Tables 4.10, 4.11 & 4.12 and Figures 4.9, 4.11 & 
4.13 also show that greater than 10% of groups 1, 2, 3 and 4 students respectively were 
assigned DOK level 1,1 post lecture. Tables 4.14, 4.16, 4.18 and 4.19 show students’ 
written responses, which reflect their very basic understanding of adding heat to a system 
at equilibrium. For Q2 and Q6 some students stated that ‘k is dependent on temperature’ 
or ‘the value of k is increasing with added heat.’ However, these students’ only restated 
the facts that were written in the question and therefore did not really explain why they 
chose their MCQ answers. For Q4 and Q7, students also restated the association between 
heat and the value of k but did not mention the equilibrium shift.  
 
Assigned DOK levels 1a,1 and 1b,1 
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Table 4.10 and Figure 4.8 show that post lecture, there was a decrease in assigned 
DOK level 1a,1  and increase in assigned DOK level 1b,l for each question. It is 
important to note that the pre lecture, the assigned DOK level 1a,1 for Q4, Q6 and Q7, 
was greater than 70% for each question. The assigned DOK level 1a,1 for group 3 
students’ written responses were significantly lower that than of group 1 students, post 
lecture. Although these both groups of students chose the correct MCQ answer, their 
written responses suggest that even after lecture they were able to recall some basic 
information about the equilibrium concept but were not able to make sense of the 
information. Tables 4.14, 4.16, 4.18 and 4.19 show students’ written responses that 
reflect their lack of understanding of the effects of temperature on the k and 
concentrations. For assigned DOK level 1a,1 to each question, many students stated that 
they ‘guessed’ or ‘they are not sure.’ One student stated that ‘I am totally lost in this 
question. I can’t even make something up (integrity).’ For assigned DOK level 1b,1, the 
answer varies depending on the question. Some examples are: 1) For Q2, students’ 
believe that k is constant and therefore will not be affected by temperature. 2) For Q4, 
some students wrote that k is dependent on temperature. While this statement is true, the 
responses suggest that the students hold a deficient understanding in where the heat is 
added to the system and where the equilibrium will shift with the addition of heat. 3) For 
Q6, one student stated that the temperature is higher the second time while another stated 
that it is endothermic because of an increase in temperature. These responses are also 
correct but connection between k and temperature was not mentioned.   
 
Assigned DOK level 2,1 
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Tables 4.14, 4.16, 4.18 and 4.19 show some of the students’ responses that were 
assigned DOK level 2,1 where some students were explicit in their application of Le 
Chatelier’s principle to a system at equilibrium.  Based on these responses, these students 
show that they have a deeper understanding of the effects of temperature on value of k 
and the shifts in equilibrium. Tables 4.10 & 4.11 and Figures 4.8, 4.9 & 4.11, show that 
there was an increase in assigned DOK level 2,1 to Q2 (0% to2%) and Q4 (0% to 3%) for 
groups 1 and 2 students. However, comparing Q6 and Q7 for these groups only group 2 
students written responses increased from 0% to 6% and 5% respectively while 0% of 
group 1 students’ responses were assigned DOK level 2,1. Table 4.12 and Figures 4.12 & 
4.13 show a similar comparison between groups 3 and 4 students written responses for 
Q7 where 2% of group 4 students and 0% of group 3 students were assigned DOK level 
2,1. Although group 3 students’ written responses were assigned higher percentage of 
DOK level 2,1 for Q2, Q6 and Q7, 11% from each group were assigned this same level 
for Q4. Each group of students’ written responses suggests that they possess a deeper 
understanding of the addition of temperature to a system at equilibrium. The outcome for 
the analyses of the percentages of assigned DOK level 2,1 shows the groups 2 and 4 
students, although they chose the incorrect MCQ answers, their written responses were 
comparable to and in some cases higher than groups 1 and 3 students who chose the 
correct MCQ answers.  
 
Effects of concentrations on shifts in equilibrium 
Table 4.2, shows that Q5 tests for students’ understanding of shifts in equilibrium 
with the addition or removal of a substance from a system. When a substance is added to 
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or removed from a system, there will be a shift in equilibrium to counteract that change. 
The main misconception embedded within the answer choices is that students may think 
that equilibrium position will shift to the side where a substance is added or shift away 
from the side that a substance is removed. Any incorrect response from students’ suggests 
their lack of understanding of shifts in equilibrium of a system when a substance is added 
to or removed from it. Özmen, (2008), showed that 12% of students believe that the 
equilibrium will shift to the side where a substance is added.  
 
MCQ answer choices 
Tables 4.7, 4.8 & 4.9 and Figures 4.4, 4.5, 4.6 & 4.7 show students’ MCQ answer 
choices to Q5. There was a 110% increase in correct MCQ answer choices for group 1 
students. Table 4.8 and Figure 4.6 show that 56% of group 3 students chose the correct 
MCQ answer choice. Overall, Table 4.9 and Figure 4.7 show that 43% of all students’ 
answer choices on the post questionnaire suggest that they understand the concept of the 
shifts in equilibrium when a substance is added or removed from a system. The following 
sections highlight the depth of students’ understanding of this concept. 
 
Assigned DOK level 1,1 
Comparing pre and post questionnaires, Table 4.10 and Figure 4.8 show that there 
was an actual decline in assigned DOK level 1,1 for group 1 students while Table 4.11, 
shows a 2% increase for group 2 students. Each group (groups 1 to 4) of students’ written 
responses that were assigned DOK level 1,1 show that the students merely reworded the 
answer choice. Their written responses appear to be mechanical scribbling that were 
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extracted from rote memorization. For example, the correct answer choice is “Removing 
PCl5 from the system shifts the equilibrium to form more PCl3,” and some examples of 
students’ written responses were “Because removing PCl5 will not form more PCl3 or 
More PCl3 will not form,” These responses do not show how much the students really 
know about shifts in equilibrium of a system when a substance is added to or remove 
from it.  
 
Assigned DOK levels 1a,1 and 1b,1 
Table 4.10 and Figure 4.8 show that there was decrease in assigned level DOK 
1a,1 (from 61% to 41%) while there was an increase in assigned DOK level 1b,1 (from 
17% to 38%) post questionnaire for group 1 students. This pattern suggests that post 
lecture they had some knowledge of shifts in equilibrium with a substance is added to or 
removed from a system. However, analysis of their written responses show that they 
believe that no more products will form or equilibrium will stop when PCl3 is removed 
from the system. Table 4.11 and Figures 4.10 & 4.11 suggest the same pattern for group 2 
students although they chose the incorrect MCQ answer choice. Table 16 highlights some 
examples of such written responses.  
 
Assigned DOK level 2,1 
Tables 4.10 & 4.11 and Figures 4.8, 4.9 & 4.11 show that there was an increase in 
assigned DOK level 2,1 for groups 1 and 2 written responses respectively. However, it is 
important to note that although group 2 students chose the incorrect MCQ answer choice, 
5% of their written responses were assigned DOK level 2,1 compared to the 3% that were 
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assigned to written responses of group 1 students. Comparatively, Table 4.12 and Figure 
4.13 show that while group 4 students also chose the wrong MCQ answer choice, 7% of 
their written responses were assigned DOK level 2,1. Table 4.12 and Figure 4.12 show 
that 16% of group 3 students’ written responses were assigned DOK level 2,1 which is 
significantly higher than that of group 4 students, which was an expected result. Table 
4.17 shows some of the students’ responses, which reflect their deeper understanding of 
shifts in equilibrium of system when a substance is added to or removed from it. 
Students’ written responses reflect that they understand that the equilibrium will shift to 
the left to compensate for the removal of PCl3 from the system. 
 
Algorithmically solving chemical equilibrium problems 
Table 4.2 shows that Q10 tests for students’ understanding of forward and reverse 
rates are same of a system at equilibrium. Any incorrect answer response suggests 
students’ lack of understanding of forward and reverse rates of a system at equilibrium. 
However, this question is really to highlight that quite often students are able to use 
formulas to produce the right answers without being able to explain the reasoning behind 
the use of the formulas. The mechanics for solving for k is simple: 1) the value of k is 
inverted when the reaction is reversed. 2) the equilibrium constant is raised to the power 
of the corresponding coefficients in the balanced equation. However, some authors 
(Bergquist & Heikkinen, 1990; Tyson et al, 1999) suggest that students use formulas to 
numerically solve chemical equilibrium problems but often times, they cannot explain 
why they use the formulas, (Yildirim, 2011; Kousathana & Tsaparlis, 2002; 




MCQ answer choices 
Tables 4.7, 4.8 & 4.9 and Figures 4.4, 4.5, 4.6 & 4.7 show that for Q5, post 
questionnaires, 20%, 27% and 19% of groups 1, 2 and 5 students respectively were able 
to solve the equilibrium constant for the reverse reaction where the number of moles were 
doubled. Only 1% of group 1 students were able to produce the correct response for the 
pre questionnaire. Further analyses of their written responses indicate that they were able 
to mechanically solve the problem without understanding the concept behind it.  
 
Assigned DOK levels 
Tables 4.10, 4.11 & 4.12 and Figures 4.9, 4.11 & 4.13 show that post 
questionnaires, 47%, 42%, 46% and 19% of groups 1, 2, 3 and 4 students written 
responses respectively were assigned DOK level 1,1. Table 4.22 shows that these groups 
of students’ written responses are merely restatements of how the problem was 
numerically solved. This type of response in itself does not indicate if the students are 
aware the reaction is in reverse. In comparison, students’ written responses that were 
assigned DOK level 2,1 indicated that they understand that “the reaction can go to 
equilibrium in either direction.” For example, one student wrote, “the reaction can go to 
equilibrium in either direction. The coefficients in the reverse reaction are doubled 
therefore the equation should be:  keq = 1/(0.208)2  = 23.1.” It is important to note that 
4% of group 2 students’ written responses were also assigned DOK level 2,1 although 
they chose the incorrect MCQ answer choice wrote similar responses.  Additionally, 
Tables 4.10 & 4.12 and Figures 4.8 & 4.12 show that for groups 1 and 3 students who 
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chose the correct MCQ answer choice, 35% and32% respectively stated that they guessed 
and were assigned DOK level 1a,1. Table 4.10, shows that another 35% and 19% of 
groups 1 and 3 students’ written responses that were assigned 1b,1 indicate that they did 
not make sense of what the question was asking of them.  
These results indicate that students are able to numerically solve problems 
involving chemical equilibrium without fully understanding the underlying concepts. In a 
similar study done by Pickering, (1990), he found that out of 101 students who were 
enrolled in freshman chemistry class at Princeton, 96 of those students do traditional 
numerical problems while only 38% of them can solve conceptual problems. Sawrey, 
(1990), in her study of ‘concept learning versus problem solving’ also found that students 
who performed well on numerically solving problems, had difficulty in solving 
conceptual problems. Other studies (Haláková & Prokša, 2007; Koretsky et al., 2011; 
Koretsky et al., 2016; McDermott, 2001; Papaphotis & Tsaparlis, 2008), also support the 
findings in this study in that students are able to correctly solve quantitative, algorithmic 
problems but are unable to explain or understand very little of the concept. The findings 
in this study echo those of other authors (Furio´ & Calatayud, 1996; Furio´ et al., 2000; 
Wang & Barrow, 2011) where they contribute students’ use of algorithmic strategies 
without reconciling their disjointed understanding of chemical concepts with scientific 
knowledge to ‘functional fixedness.’ As in the case of the finding in this study, functional 
fixedness is recognized as the plug and chug strategies utilized by the students to arrive at 









Table 4.7: Percentage (%) of Group 1 Students’ Multiple Choice Reponses for Pre Questionnaires (N = 93) and Post Questionnaires (N = 85).   
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8  Q9  Q10  
Answer 
Choices 
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
A 47 33 17 7 11 18 18 13 14 16 19 24 25 27 43 42 4 2 6 2 
B 5 4 10 2 47 42 27 21 5 11 20 7 16 38 6 34 11 7 4 2 
C 10 34 17 21 10 5 6 12 20 42 19 46 5 4 5 1 6 4 43 39 
D 29 20 10 15 4 5 8 34 16 5 16 7 12 9 1 5 17 33 1 20 
E 4 7 34 51 16 21 26 14 20 13 4 2 10 6 12 4 20 26 13 18 
NR 1 1 11 2 11 9 15 5 24 13 20 13 31 16 32 14 41 28 31 19 














Table 4.8: Percentage (%) of Group 3 Students’ Multiple Choice Reponses 
(N = 176) for Post Questionnaire. 
Answer 
Choices 
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
A 29 3 17 25 10 23 30 14 7 3 
B 3 6 44 17 10 26 43 31 13 6 
C 29 15 2 9 56 27 4 3 5 24 
D 33 7 4 34 10 11 6 5 35 27 
E 2 61 28 10 5 2 7 4 11 22 
NR 1 4 6 6 9 10 9 8 29 18 






































Students' Responses to MCQ (Q 1 - 10)
Figure 4.4: Percentage (%) of Group 1 Students’ (N = 93) Multiple Choice Reponses for 













































Students' Responses to MCQ (Q 1 - 10)
Figure 4.5: Percentage (%) of Group 1 Students’ Multiple Choice Reponses (N = 




















Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
A 35 8 15 20 13 22 28 35 5 4 
B 4 6 44 20 9 20 35 31 11 4 
C 25 17 5 9 43 30 4 4 5 33 
D 29 10 4 27 10 12 8 4 30 19 
E 4 52 23 16 11 3 8 7 17 18 
NR 1 5 8 8 14 13 17 19 32 22 











































Students' Responses to MCQ (Q 1 - 10)


















































Students' Responses to MCQ (Q 1 - 10)
Figure 4.7: Percentage (%) of Group 5 Students’ Multiple Choice Reponses (N = 













Table 4.10: Percentage (%) of Assigned DOK for Group 1 Students’ Written Responses to Correct MCQ Response for Pre (N = 93) and Post (N 
= 85) Questionnaires. 
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
DOK Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
1,1 33 37 22 39 0 11 14 45 22 19 25 49 14 50 0 43 0 33 0 47 
1a,1 44 23 37 32 80 39 86 31 61 41 75 49 79 44 100 32 100 41 100 35 
1b,1 23 27 41 27 20 50 0 21 17 38 0 2 7 6 0 21 0 19 0 12 
2,1 0 13 0 2 0 0 0 3 0 2 0 0 0 0 0 4 0 7 0 6 
2,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2,3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 




































Students' Written Responses to  MC Q1 - Q10
Figure 4.8: Percentage (%) of Assigned DOK for Group 1 Students’ Written 





























Students' Written Responses to  MC Q1 - Q10
Figure 4.9: Percentage (%) of Assigned DOK for Group 1 Students’ Written Responses (N 












Table 4.11: Percentage (%) of DOK of Group 2 Students’ Written Responses to MCQ for Pre (N = 93) and Post (N = 85) Questionnaires.  
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
DOK Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
1,1 10 26 9 19 0 2 1 13 7 9 12 21 3 16 0 19 1 38 0 42 
1a,1 41 28 61 44 67 50 72 42 75 54 74 52 80 54 90 41 97 27 74 35 
1b,1 49 41 30 30 33 48 27 39 18 32 14 21 17 25 10 38 2 30 26 19 
2,1  0 5 0 7 0 0 0 6 0 5 0 6 0 5 0 2 0 5 0 4 
2,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 
2,3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 




































Students' Written Responses to  MC Q1 - Q10
Figure 4.10: Percentage (%) of DOK of Group 2 Students’ Written Responses (N = 93) to 
































Students' Written Responses to  MC Q1 - Q10
Figure 4.11: Percentage (%) of DOK of Group 2 Students’ Written Responses (N = 85) to 










Table 4.12: Percentage (%) of Assigned DOK for Groups 3 (G 3) and 4 (G 4) Students’ Written Responses (N = 176) to their Correct and Incorrect MCQ Choice. 
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
DOK Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
1,1 44 8 36 20 5 0 23 12 14 8 40 18 43 22 48 25 30 22 46 19 
1a,1 32 43 30 41 38 44 36 46 40 47 27 43 34 49 25 41 53 59 32 48 
1b,1 18 46 31 38 56 56 30 31 30 38 21 34 23 27 22 29 15 17 19 33 
2,1 6 3 3 1 1 0 11 11 16 7 12 5 0 2 5 5 2 2 3 0 
2,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2,3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 






























Students' Written Responses to  MC Q1 - Q10
Figure 4.12: Percentage (%) of Assigned DOK for Group 3 Students’ 









































Students' Written Responses to  MC Q1 - Q10
Figure 4.13: Percentage (%) of Assigned DOK for Group 4 Students’ Written 











Table 4.13: samples of students’ written responses to Q1 that are categorized under Bloom’s  and Webb’s DOK. PRE and POST 
PRE 
Bloom’s 1 and Webb’s DOK 
level 1 
The reaction is complete or there 
is reverse reaction where a tiny 
amount of the substance goes 
back to its original form. 
. 
Because it’s constant there is no 
change. 
When equilibrium is reached, it 
is at a point where something 
will stay the same. 
 
In an equilibrium experiment, the 
concentration and reactant is 
constant. 
Bloom’s 1a and Webb’s DOK 
level 1 
I don’t really know. I don’t know the answer so I 
took a wild guess and 





Bloom’s 1b and Webb’s DOK 
level 1 
At equilibrium, everything is 
balanced out and completed. 
Therefore equilibrium is when 
reactant are done bonding and no 
new products are formed. 
don’t know the answer so I took 
a wild guess and equilibrium is 
not dependent on temperature 
Equilibrium means balanced so 
(C) is only reasonable answer. 
From what I understand, 
equilibrium means that the 
concentration is even. Everything 
is balanced. 
POST 
Bloom’s 1 and Webb’s DOK 
level 1 
Because the concentrations are 
constant over time. 
 
System of equilibrium reaction is 
equal to its rates of forward 
reactions. 
       
the forward and reverse reactions 
occur at equal rates 
the concentration of the reactant 
is not equal to the concentration 
of the product. 
Bloom’s 1a and Webb’s DOK 
level 1 
I don’t know if they are right. I chose that answer because it 
seems like an explanation or clue 
of what equilibrium is about. 
I guessed. I guessed. 
Bloom’s 1b and Webb’s DOK 
level 1 
The state of the arrow is a state 
of equilibrium. Whatever 
happens to the reactants will also 
happen to the products. 
 
When a reaction reaches an 
equilibrium, both reactants and 
products concentrations reach the 
same energy level. 
There is usually a limiting 
reactant, therefore meaning the 
reactant is constant and does not 
change because there is a certain 
amount. 
Both reactions are constant. 
Bloom’s 2 and Webb’s DOK 
level 1 
The reaction does not stop, but it 
reaches a dynamic equilibrium 
when the rates of the forward 
and reverse reactions become 
equal (constant), not equal to 
zero.  
 
At equilibrium the concentration 
of products and reactants are 
constant, they might change, but 
it is not appreciable. 
The rates of reverse reaction and 
forward is equal, but  not zero, 
since they are dynamic. 
Because equilibrium is a reaction 
in which rate of front and back or 
forward and reverse reactions is 
at equilibrium and constant, no 
net change happens anymore. 
Concentrations of reactants and 
products can be different, but the 
rates are the same. The 
concentration would also become 










Table 4.14: samples of students’ written responses to Q2 that are categorized under Bloom’s  and Webb’s DOK. PRE and POST 
PRE 
Bloom’s 1 and Webb’s 
DOK level 1 
Temperature can cause the 
equilibrium to change 
. 
The equilibrium constant 
changes at specific temperature 
Temperature can shift 
equilibrium to the forward or 
reverse reaction. 
The temperature is a factor that 
affects the rate. 
Bloom’s 1a and Webb’s 
DOK level 1 
I don’t know so I took a wild 
guess. 
 
Made sense Guessed. I guessed. 
Bloom’s 1b and Webb’s 
DOK level 1 
Because will not be affected by 
temperature 
We don’t deal with temperature 
in the equation or problem and 
when something is constant 
there’s no change in temperature 
so it wouldn’t be useful to know. 
Not sure but since k is a 
constant, it does not change 
regardless of temperature 
 
POST 
Bloom’s 1 and Webb’s 
DOK level 1 
The equilibrium constant is 
dependent on temperature 
 
The equilibrium constant will 
shift with the change of 
temperature. 
Temp influences rate of rxn 
and can disrupt equilibrium. 
If temperature is added, the 
equilibrium will shift 
accordingly. 
Bloom’s 1a and Webb’s 
DOK level 1 
I took an educated guess. Not sure.  I guessed. I guessed.  
Bloom’s 1b and Webb’s 
DOK level 1 
The equilibrium constant 
depends on the rate of reaction, 
not the temperature 
 
They are both written differently 
but are at equilibrium which 
means it remains constant.  
Temperature, concentration, 
and catalyst all affect the 
equilibrium.  
Other factors can be the reason 
for a change  
Bloom’s 2 and Webb’s 
DOK level 1      
In endothermic reaction, heat is 
absorbed as reactants are 
converted to products. Increasing 
the temperature makes the 
equilibrium to shift to the right, 
towards the direction of making 
more products and k increases. 
The opposite occurs for 
exothermic reaction. Heat is 
produced as reactants are 
converted to products. Increasing 
the temperature in this case cause 
the equilibrium to shift to the 
left, the direction of making 
more reactants and k decreases.   
Because temperature affects the 
value of the equilibrium 
constant, such that when the 
temperature is increased it 
favors the endothermic reaction 
in such a way that more products 
are formed thus the equilibrium 
shifts to the right and when the 
temperature is 
lowered/decreased it favors the 
reverse reaction the equilibrium 
shifts to the left 
The constant changes if the 
temperature changes.  
C(g) + CO2(g)   2CO(g). In 
this reaction if we change the 
temperature more  CO(g) will 
be produced and the 
equilibrium constant will 
change. 
The K eq depends on the T. For 










Table 4.15: samples of students’ written responses to Q3 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1a and 
Webb’s DOK 
level 1 
I don’t know the 
reaction so I don’t 
know what must be 
true.  
The made sense. I guessed. Guessed. 
Bloom’s 1b and 
Webb’s DOK 
level 1 
The equation will have 
to be balanced. 
Because equilibrium 
relates to the 
pathway of the 
reaction. 
Because neither of 
the concentrations are 
given. I’m guessing 






determined. I also 
guessed.  
POST 
Bloom’s 1 and 
Webb’s DOK 
level 1        
We need more value to 
determine equilibrium. 
We cannot tell unless 
there are values. All 
we can do is balance 
the equation and that 
is not enough.  
The total 
concentration of the 
reactant is not equal 
to the total 
concentration of the 
product. 
We cannot learn 
anything from the 
concentration of the 
reactant and products 
because the reaction 
can only give us the 
ratio of product and 
reactants. We need 
further information 




Bloom’s 1a and 
Webb’s DOK 
level 1 
I think none of them are 
true. 
I guessed. Educated guess.  
Bloom’s 1b and 
Webb’s DOK 
level 1 
Looking at the 
equation, we can’t tell 
the concentration levels 




equal. All have 
coefficient of  1.  
You have to balance 
the equation first 
before you determine 
if it’s at equilibrium.  
There is usually a 
limiting reactant, 
therefore meaning the 
reactant is constant 
and does not change 
because there is a 
certain amount. 
Bloom’s 2 and 
Webb’s DOK 
level 1      
The k value is unknown 
so we cannot infer 
which direction the 
reaction will proceed 
and which side of 
reaction will have more 
concentration.  















Table 4.16: samples of students’ written responses to Q4 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1 and 
Webb’s DOK level 
1     
In an exothermic 
system heat is being 
released so the value 
of k decreases 
   
Bloom’s 1a and 
Webb’s DOK level 
1 
I don’t really know 
the answer. 
Really not sure   
POST 
Bloom’s 1 and 
Webb’s DOK level 
1 
Because of the 
change in 
temperature, the k 
would decrease. 
Exothermic means 
temp is released, so, 
as Kc decreases due 
to an increase in 
temp. 





Exothermic is the 
release of heat so the 
k will decrease for 
this system. 
Bloom’s 1a and 
Webb’s DOK level 
1 
Remember going 
over this but just 
forgot which way 
each goes. 
Don’t know Educated guess Not sure 
Bloom’s 1b and 
Webb’s DOK level 
1 
Because the forward 
and reverse must 
equal to be true.  
Because the 
equilibrium constant 
is dependent on 
temperature.  
It depends on the 
temperature to know 
what the equilibrium 
is. 
Decrease in temp, 
goes to same side 
Bloom’s 2 and 
Webb’s DOK level 
1 
If you increase 
temperature in an 
exothermic chemical 
reaction, equilibrium 
shifts to the opposite 
side (left side).  
For reaction where 
the forward reaction 
is exothermic, keq 
decreases with an 
increasing 
temperature  
Because when heat is 
added to the system, 
equilibrium will shift 
to the left because the 
reaction will try to 
use up the added heat. 
And the value of k 
decreases because 
adding heat makes 
the value of k 
smaller.  
Because k is 
dependent on temp. 
Exothermic means 
heat is released, so, 
as kc decreases due 
to an increase in 
temp, there will be a 
shift to the left.  
If A + B = AB + 
heat, then adding 
heat will produce 




Table 4.17: samples of students’ written responses to Q5 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1 and 
Webb’s DOK level 
1 
Because removing 
PCl5 will not form 
more PCl3 
More PCl3 will not 
form 
Removing PCl5 from 
the system would not 
cause more PCl3 to 
form 
No, more PCl3 would 
not form. 
Bloom’s 1a and 
Webb’s DOK level 
1 
Not really sure Guessed  Educated guess I am guessing  
Bloom’s 1b and 
Webb’s DOK level 
1     
If we remove PCl5 
then no product 
forms 
Reaction will stop 
because no more 
products can be 
formed 
No product forms Product will not form 
Bloom’s 2 and 
Webb’s DOK level 
1     
If you remove the Cl5 
then PCl3 + Cl2 → 
Cl5. Since the 
reaction go both 
ways. 
Because when you 
remove a substance, 
to sustain 
equilibrium, the 
system will shift the 
equilibrium to the 
left due to the 
removal of a 
Produces PCl5 to 






Bloom’s 1 and 
Webb’s DOK level 
1 
It is inconsistent with 
Le Chatlier’s 
principle. 
PCl3 will not form Adding reactant = 
increase product 
I think that more 
PCl5 will form 
Bloom’s 1a and 
Webb’s DOK level 
1 
Simple guess I chose randomly If PCl5 is removed 
then there would be 
no product formation. 
Because once you 
take at the product of 
the equation it will 
not continue 
Bloom’s 1b and 
Webb’s DOK level 
1 
If you remove PCl5, 
which is the only 




If PCl5 is removed 
from the system, 
making PCl3 will 
stop so the system 
will shift to the left. 
If the reactants is 
removed it will not 
form PCl3 
The temperature is 
being transferred 
from the product to 
the reactant 
Bloom’s 2 and 
Webb’s DOK level 
1 
If you take PCl5 from 
the system, the 
reaction will work to 
compensate for that 
loss. The way the 
reaction compensates 
is by shifting the 
reaction towards the 
PCl5 
Removing PCl5 from 
the system causes a 
shift to the left 
causing the reaction 
to produce more PCl3 
to regain its chemical 
equilibrium. 
Removing PCl5 will 
shift the concentration 
gradient to the left; 




disturbed will shift to 
the side of reaction to 
offset disturbance. 




Table 4.18: samples of students’ written responses to Q6 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1 and 
Webb’s DOK 
level 1 
Because k is increasing 
so heat is being added to 
the system 
An endothermic 
process can use heat 
from the surrounding 
to speed up the 
process 
The value of k 
increases, it retains 





Bloom’s 1a and 
Webb’s DOK 
level 1 
Not sure Not sure of the 
answer 
Guessed  I’m not positive 
POST 
Bloom’s 1 and 
Webb’s DOK 
level 1 
Because the value of k 
is increasing 
As more thermal 
energy is put into the 
chemical reaction, 
then k would 
increase as well. 
Heating is causing k 
to increase 
Because we can see 
that the k is gaining 
value so we can tell 
it’s gaining heat. 
Bloom’s 1a and 
Webb’s DOK 
level 1 
Not sure on this and 
can’t really rationalize it 
The question can’t 
be answered with the 
given details 
Guessed  Guessed  
Bloom’s 1b and 
Webb’s DOK 
level 1 
The temperature is 
higher the second time 
Since k I less than 1, 
the reaction is 
endothermic 
K is shifted with 
temperature but not 
sure how 
Endothermic 
reaction because of 
an increase in 
temperature. 
Bloom’s 2 and 
Webb’s DOK 
level 1 
Because k = 
products/reactants, when 
temp is increased (form 
25 to 50) k increases 
and so does the product 
reactant ratio. 
For reactions, where 
the forward reaction 





principle = reaction 
will shift to side that 
offsets disturbance. 
A + B  C 
Here the products 
and k will increase. 
When the 
temperature increase 
and the enthalpy is 
higher or k2/k1  1 








Table 4.19: samples of students’ written responses to Q7 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1 and 
Webb’s DOK level 
1      
Adding more heat 
will shift the rate of 
reaction to the left. 
   
Bloom’s 1a and 
Webb’s DOK level 
1 
Guessed I guessed Guessed  I’m not really sure. 
Bloom’s 1b and 
Webb’s DOK level 
1       
I’m guessing that 
increasing temp will 
create more product. 
I don’t know why it 
would only increase 
one product and not 
the other. 
   
POST 
Bloom’s 1 and 
Webb’s DOK level 
1 
If you increase the 
temp then there will 
be more reactants. 
More reactants would 
have to be reduced to 
reach equilibrium due 
to the imbalance of 
more product. 
The stress was on the 
products side so the 




ultimately make the 
bond break apart to 
produce more H2 and 
X2. 
Bloom’s 1a and 
Webb’s DOK level 
1 
I am totally lost in 




Seems right. Made more sense Guessed  
Bloom’s 1b and 
Webb’s DOK level 
1    
Will come back to 
this 
Will come back to 
this 
  
Bloom’s 2 and 
Webb’s DOK level 
1 
The reaction would 
shift towards the left 
and try to use u the 
added heat by 
making more Hs and 
Xs, thus using up 
2H2X and heat.  
This is exothermic 
reaction according to 
Le Chatelier’s 
principle. Increasing 
the temperature will 
favor the formation 
of reactant as the 
reactions move to the 
left direction.  
Because when heat is 
added to the product, 
it decomposes to 
form the reactants in 
the equation. 
Adding more heat 
will shift the rate of 






Table 4.20: samples of students’ written responses to Q8 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1a and 
Webb’s DOK 
level 1 
I guessed Totally guessed I’m not really sure Really don’t know 
POST 





only gases. Liquids 
and solids are not 
considered. 
Because the 
concentration of solids is 
constant. 
Because in the 
reaction only the 
concentration of the 
water can change. 
Only one gas is in the 
reaction the rest are 
solids.  
Bloom’s 1a and 
Webb’s DOK 
level 1 
Guess  Guessed. Not sure.  
Bloom’s 1b and 
Webb’s DOK 
Because water is the 
only correct formula 
2 is a coefficient and 
cannot be in the middle 




level 1 of a formula 
Bloom’s 2 and 
Webb’s DOK 
level 1 
Solids and liquids 
are never included. I 
is used in place of 
the missing product. 
For reactants, CaCls 
is a solid so it is not 
included. H2O is a 
gas and is included 
in the denominator. 
Pure solids & liquids are 
equal to one and aren’t 
included in equilibrium. 
So the product side 
would be equal to 1. k = 
[products]/[reactants] 
raised to the power of the 
coefficients. 
Because the phases 
of molecules that are 
solid do not change 
so the equilibrium 
constant is not 
affected by these 
molecules that are 
solid.  
The solids are 
replaced by 1 and do 
not affect the 
equilibrium constant. 

















Table 4.21: samples of students’ written responses to Q9 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
PRE 
Bloom’s 1 and 
Webb’s DOK 
level 1    
We use the equation kp = 
[products]/[reactants]. 
(167.5)(.17) = 5.34 
   
Bloom’s 1a and 
Webb’s DOK 
level 1 
I guessed I just took a guess, I 
don’t know how to solve 
for this. 
Guessed Simply guessed 
POST 
Bloom’s 1 and 
Webb’s DOK 
level 1    
Kp = P(CO)2/P(CO2) 
(167.5)(.17) = x2; x = 
(167.5)(.17) = 5.34atm 
According to the 





Solids are not 
included therefore 
Kp = P(CO)2/P(CO2) 
(167.5)(.17) = x2; x = 
(167.5 x.17) = 
5.34atm 
 
Bloom’s 1a and 
Webb’s DOK 
level 1 
I picked random answer. 
Maybe if I look at my 
notes I will know. 
I guessed  Educated guess A simple guess 
Bloom’s 1b and 
Webb’s DOK 
level 1 
More information is 
needed because when you 
multiply 167.5 x .17 the 
answer is not given.  
Need more information 
167.5 x .17 = 28.5 
I think we multiply 
(167.5)(.17) = 5.34 
but seems like 
information is 
missing to solve this 
Seems like the 
correct answer 
but I think we 
need more info 
to solve. 




equilibrium, the solids 
and liquids are equal to 1 
and their concentrations 
at equilibrium do not 
affect the equilibrium 
constant. So, C(s) is not 
included in the keq 
calculations. 
Kp = P(CO)2/P(.17) 
PCO2 = 28.475 = 5.34 
atm 
 








Unstructured interviews with students, pre and post lecture, were conducted to 
further investigate the rationales for their correct MCQ answer choices. Pre and post 
questionnaires and interview data were analyzed for students’ DOK and patterns similar 
to the other groups in this study. During the unstructured interviews, patterns of common 




Table 4.23 and Figure 4.14 summarize the number of students who chose the 
correct MCQ answer choice to both the pre and post questionnaires. After the students 
completed the pre questionnaires they were verbally asked what their MCQ answer 
Table 4.22: samples of students’ written responses to Q10 that are categorized under Bloom’s  and Webb’s DOK. PRE 
and POST 
                                                                       PRE 
Bloom’s 1a and 
Webb’s DOK level 
1 
Guess     
POST  
Bloom’s 1 and 
Webb’s DOK level 
1   
1/(0.208) gives C 
A + B 
1/(0.208)2 gives   A + 
B   C 
The equation is 
flipped so you have 
to use the inverse. 
If gives C A + B 
is 1/(0.208)  
Then A + B   C  
is 1/(0.208)2  
 
Bloom’s 1a and 
Webb’s DOK level 
1 
Not sure    
Bloom’s 1b and 
Webb’s DOK level 
1    
The ratios are the 
same 
Same ratio It’s based on ratios  
Bloom’s 2 and 
Webb’s DOK level 
1    
The reaction can go 
to equilibrium in 
either direction. The 
coefficients in the 
reverse reaction are 
doubled therefore the 
equation should be  
keq = 1/(0.208)2  = 
23.1 
 
The reaction goes in 
reverse so the k 
constant is the 
inverse (1/k) and 
there is a coefficient 
of 2, so 
Knew = kn =  k2 
 So it is 1/kn = 
1/(0.208)2 
The inverse reaction 
is written as  k’ 
k’ = [A]2[B]2/ [C]2 
k’ = 1/k2 
k’ = 1/(0.208)2 
k’ = 23.1 
This is a reverse 
reaction so, 
1/(0.208)2 = 23.1 
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choices to each question was. The number of correct verbal responses matched those of 
their selected answers on the questionnaires. Students who chose the correct MCQ 
answers for Q2 to Q7 and Q9 to Q10, verbally expressed that they simply guessed the 
correct MCQ answer. They were not able to explain any of the concepts for Q1 to Q10, 
except for a small number who were able to reiterate that for Q2, temperature affects the 
rate, in which those verbal responses were assigned DOK level 1,1. Table 4.24 and 
Figure 4.15 show the assigned DOK levels for Q1 to Q10, which were corroborated 
during the unstructured interview. During the interview, when further probed, the 
students said that it seems to make sense that temperature affects the rate but they were 
not sure why and how this phenomenon occurs. Table 4.24 and Figures 4.15 & 4.16 
summarize assigned DOK for students’ written responses to their correct MCQ answer 
choices. Overall, the students expressed that they were unfamiliar with the concepts of 
chemical equilibrium given the fact that the topic was not yet covered in class. 
 
Post lecture 
Table 4.23 and Figure 4.14 show that post lecture, there was a significant increase 
in correct MCQ answer choices. Table 4.24 and Figure 4.16 show that post lecture, 
similar to the other groups of students in this study, there was an increase in assigned 
DOK level 1,1 for each question, Q1 to Q10. When students were further questioned 
about their MCQ answer choices, their verbal responses echoed those of their written 
rationales. Table 4.24 and Figure 4.16 for example, show that post lecture, 60% of 
students’ written responses were assigned DOK level 1,1 for Q1. Verbally, these students 
stated that ‘at equilibrium, concentrations of reactants and products are constant.’ 
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However, when probed further on why concentrations are constant, they were unable to 
explain about the dynamic nature of a system at equilibrium and even stated that they 
were not sure. For Q1 to Q10, many students who chose the correct MCQ answer choice 
were able to verbally restate what the question asked but was not able to give a deeper 
explanation of the phenomenon embedded in each question. Similarly, some students 
who chose the wrong MCQ answer choice for Q1, Q3, and Q9 were also able to restate 
what the question asked but could not give a more detail explanation of the phenomenon.  
 
Additional findings 
In addition to similarities of rationales to MCQ answer choices between all groups 
of students, the interviews conducted in this study provided some insights on some 
possible reasons for students’ misconceptions and shallow DOK of concepts of chemical 
equilibrium. Post lecture, students were asked why were they still having difficulties with 
the underlying concepts of equilibrium. They expressed the following: 1) The concept of 
equilibrium seems somewhat abstract and the language is sometimes confusing. For 
example, when they think about equilibrium, they think of something as being equal. 
Automatically, they think about concentrations because they have been taught to balance 
equations. They further expressed that when they hear the term ‘chemical equilibrium,’ 
they think about a chemical equation and that both sides of the equation must be equal to 
each other.   2) The lab activities do not always align with the concepts taught in the 
classroom. This is possibly due to the fact that different instructors sometimes teach the 
lab and the lecture. Additionally, sometimes not enough direction or help is given during 
the lab sessions and they feel confused about the experiments.  and   3) Unanimously, 
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they expressed their concerns that too much material is covered within a short time frame 
and that they do not have the time to effectively engage with the material and process the 
information. They expressed that many of them are full time students and that they feel 
like there is just too much information in the classroom and not enough time allowed to 
engage with the concepts outside of the classrooms because of the many courses that they 
are taking.   
 
Table 4.23: Percentage (%) of correct MCQ Answer Choice to pre 
and post questionnaires. 
Question 
Percent (%) Pre 
 (N = 20) 
Percent (%) Post  
(N =23) 
Q1 0 C 22 
Q2 25 E 56 
Q3 15 E 35 
Q4 10 D 26 
Q5 25 C 48 
Q6 25 C 39 
Q7 25 B 22 
Q8 0 B 17 
Q9 15 D 9 








































Correct MCQ Responses to Q1 to Q10
Figure 4.14: Percentage (%) of correct MCQ Answer Choice to pre and post 
questionnaires for Interviewed Group.
Percent (%) Pre  (N = 20)








Table 4.24: Percentage (%) of Assigned DOK for Students Written Responses to Correct MCQ Answer Choice. Pre (N = 20), Post (N=23) 
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
DOK Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
1,1 0 60 20 54 0 25 0 67 0 27 0 89 0 80 0 0 0 15 0 20 
1a,1 0 0 40 0 100 0 100 10 60 0 100 0 80 10 0 100 100 80 0 60 
1b,1 0 40 40 38 0 75 0 17 40 64 0 11 20 0 0 0 0 0 0 16 
2,1 0 0 0 8 0 0 0 6 0 0 0 0 0 0 0 0 0 5 0 4 
2,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2,3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 































Assigned DOK to Q1 to Q10
Figure 4.15: Percentage (%) of Assigned DOK to Students' Correct MCQ 











Table 4.25: Percentage (%) of Assigned DOK for Students Written Responses to Incorrect MCQ Answer Choice. Pre (N = 20), Post (N=23) 
 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
DOK Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
1,1 0 17 0 0 41 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 
1a,1 30 0 60 0 0 7 50 0 60 0 53 14 53 6 25 0 100 10 50 0 
1b,1 70 78 40 100 59 93 50 100 40 100 47 86 47 94 75 95 0 80 50 100 
2,1 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 
2,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2,3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 




























Assigned DOK to Q1 to Q10
Figure 4.16: Percentage (%) of Assigned DOK to Students' Correct MCQ Answer choices 












Summary of findings, Q1 to Q10 
Table 4.12 and Figure 4.12 show the percentage of assigned DOK levels of 
students’ written responses to their correct MCQ answer choices post lecture. The 
percentages of assigned DOK levels 1a,1 and 1b,1 for students’ written responses to Q1 
to Q10, show that post lecture(s), many of these students’ did not demonstrate a good 




























Assigned DOK to Q1 to Q10
Figure 4.17: Percentage (%) of Assigned DOK to Students' Incorrect MCQ 
































Assigned DOK to Q1 to Q10
Figure 4.18: Percentage (%) of Assigned DOK to Students' Incorrect MCQ 







correct MCQ answer choices appeared problematic, in the sense that their written 
rationales were incorrect or incomplete, (Piquette & Heikkinen, 2005). Greater than 20% 
of the students still believe that for a system at equilibrium, the concentration of the 
reactants are equal to the concentration of the products. Many of these students’ written 
responses suggest a functional reduction way of producing in which they recalled bits of 
information by rote without understanding the underlying concepts of chemical 
equilibrium. Similarly, greater than 30% of students were able to algorithmically solve 
the problems for Q9 and Q10 but did not demonstrate mastery of the chemical 
equilibrium concepts associated with solving the problem. Some authors (Zoller et al, 
1995; Furio´ et al, 2000) also found that students’ who successfully solve algorithmic 
problems do not always understand the relevant chemical concepts. Furio´ et al, (2000) 
and Frederiksen (1984), posited that functional fixedness can allow a student to 
algorithmically arrive at the correct answer without eliciting deeper thinking of the 
concepts involved in solving the problems. 
Overall, the results show that 12% of students demonstrated a deeper 
understanding chemical equilibrium concepts. Conversely, the majority of students 
written responses to their MCQ answer choices indicated that post lecture(s), they still 
lack the correct conceptual understanding of chemical equilibrium concepts. 
Additionally, during the interviews, students identified ways of helping them improve 











Table 4.26: Percentage (%) of Assigned DOK for Group 5 Students’ Written 
Responses (N = 261) to their Correct MCQ. 
DOK Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
1,1 41 37 8 30 16 43 46 46 31 46 
1a,1 29 31 38 34 40 34 37 27 49 34 
1b,1 21 29 54 28 33 15 17 22 17 16 
2,1 9 3 <1 8 11 8 0 5 3 4 
2,2 0 0 0 0 0 0 0 0 0 0 
2,3 0 0 0 0 0 0 0 0 0 0 
3,1 0 0 0 0 0 0 0 0 0 0 
3,2 0 0 0 0 0 0 0 0 0 0 







This study confirmed, that assessment which include the use of MCQ only do not 
accurately measure students’ DOK of chemical equilibrium concepts. The findings in this 
study were similar to those in the study done in chapter 3, which revealed that students’ 
correct answer choices for the MCQ portion of the questionnaire did not readily reveal 




























Students' Written Responses to  MC Q1 - Q10
Figure 4.19: Percentage (%) of Assigned DOK for  Group 5 Students' Written 








were made evident with applied coding that was generated from the modified Hess’ 
Cognitive Rigor Matrix. The design of this assessment tool was shown to be effective in 
coding students’ responses without discrepancies. Students’ coded responses revealed 
that their correct MCQ answer choices were not evidence of an accurate knowledge of 
the chemical equilibrium concepts. The findings in this study corroborates findings from 
other research (Desjardins et al., 2014; Douglas et al., 2012; Federer et al., 2015; 
Kuechler & Simkin, 2010; Lin & Hartman, 2011; Liu et al. 2011; Mullen & Schultz, 
2012; Nehm & Ha, 2011; NRC, 2011; Yan & Subramaniam, 2018) that the use of MCT 
as the sole method of assessment does not sufficiently measure students’ misconceptions 
and DOK. Authors (Palmer  & Devitt, 2007; Mullen & Schultz, 2012) suggest that there 
can be inconsistencies in instructors’ analyses of students’ written responses, which can 
be discriminatory of students’ performance levels. Therefore, the most critical 
implications of this study, is the importance of the need of an assessment method such as 













Conclusion and Implications for Teaching 
The two separate studies conducted in this dissertation details the exploration of a 
method of assessment that sought to determine students’ DOK of underlying concepts of 
gas stoichiometry and chemical equilibrium. Students’ understanding of these concepts 
were examined particularly through their written responses to their  MCQ answer 
choices. Consistent with Caleon & Subramaniam, 2010; Desjardins et al. 2014; Douglas 
et al. 2012; Kuechler & Simkin, 2010; Lin  & Hartman, 2011; Yan & Subramaniam, 
2018, the findings of the assessment used in this research indicate that using MCQ only, 
does not fully indicate that students understood the concepts. The analysis of the written 
responses that was coupled with MCQs also revealed students’ misconceptions of gas 
stoichiometry and chemical equilibrium. For this dissertation research, misconceptions 
were not readily detected for some students based on the fact that many of these students 
chose the correct answers to the MCQs. Instead, their  misconceptions were revealed 
after their written responses to their MCQ answer choices were analyzed using the 
modified Hess’ CRM. In particular, coding using the modified CRM showed a 
distribution of students’ DOK for each concept taught. In assessing students’ DOK, 
misconceptions were also detected within their written responses. These misconceptions 
would have gone unnoticed if the assessment of ‘what students know and how much they 
know’ in other words, their DOK, was solely based on their answer choices to the 
multiple-choice questions. 
These findings are consistent with other research (Beall, 1994; Kautz et al., 
2005b; Liu, 2006; Wiebe & Stinner, 2010), which found that students hold many 
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misconceptions that are related to chemical equilibrium and the behaviors and properties 
of gases. Assessing students’ written responses with the modified CRM allowed for me to 
gain a deeper insight on, not only what students know, but also their DOK. Therefore, for 
the studies on students’ DOK of gas stoichiometry and chemical equilibrium, the two 
specific research questions, which were posed in chapter one have been addressed in 
chapters three and four. 
 
Revisiting Research Questions 
The two specific research questions for this dissertation research are as follows:  
1) How can the depth of knowledge (DOK) and students’ constructed responses be 
used to assess students’ depth of understanding in gas stoichiometry and chemical 
equilibrium? 
In addressing this research question, students’ written responses to their MCQ 
answer choices in the two separate studies revealed a range of understanding of 
gas stoichiometry and chemical equilibrium concepts. Many of the students who 
chose the correct MCQ answer  revealed through their written responses that they 
guessed or simply did not know. Also, uncovered via the students’ written 
responses were several misconceptions that they held about gas stoichiometry 
(chapter 3) and chemical equilibrium (chapter 4) concepts. 
2) What were some of the misconceptions that students in the study exhibited during 
the process of learning concepts in gas stoichiometry and chemical equilibrium? 
In answering this specific research question, commonly held misconceptions 
about gas stoichiometry and chemical equilibrium were detected within students’ 
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written responses to their correct MCQ answer choice. These commonly held 
misconceptions would have gone detected is the assessment was based solely on 
MCT. 
Based on these insights, I believe that the choice of an assessment method such as 
the one used in the two separate studies of this dissertation is vital to better understand 
how to address students’ shallow DOK and misconceptions in undergraduate chemistry 
and other science courses. The following three sections are implications that were 
generated based on the results of the two studies and student interviews that were 
conducted during the second study (chapter 4). 
 
Instructional Strategies to Address Misconceptions  
and Increase DOK 
The main factor which influences students’ learning chemical concepts is what 
they already know prior to being taught in the classroom. Therefore, it is of great 
importance to assess students’ understanding of chemical concepts before, during and 
after being taught. Assessing and becoming aware of what students know and how much 
they (DOK) before and during being taught the concepts can guide instructors 
instructional strategies to address students level of understanding and any misconceptions 
they might hold of the concepts taught in class. Instructional strategies should be 
effective in promoting a deeper understanding of chemical concepts in students. 
Lamichhane et al, (2018) and Taber and Coll (2002), suggest that incorrect instructional 
strategies applied by some instructors such as teaching by rote memorization can cause or 
reinforce students already held misconceptions. Zoller et al, (1995), on their study of 
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teaching practices at the university level of conceptual questions versus questions, also 
suggest that instructional strategies that promote rote memorization and recipe type lab 
activities, orient toward low order cognitive skills in students. Additionally, Furio´ et al, 
2000; Kuhn, (1993) and Wellington, (1989) suggest that instructors center their teaching 
of science on declarative knowledge, where students learn the what instead of the how 
and why. Lecture based instructional strategies often focus on the what instead of the 
why, typically  promote passive learning instead of a deeper understanding of chemical 
concepts in students. Chichekian et al, (2018), in their study of chemistry professors 
perception of undergraduate learning, showed that two-thirds of the chemistry professors 
preferred a lecture based transmission approach to teaching chemistry. To remedy this 
type of instruction and orient instead toward higher order cognitive skills, Michael, 
(2006) and Volpe, (1984) suggest that instructors actively engage students in the learning 
of concepts instead of the conventional teacher centered approach that usually involves 
passive learning. Penner, (1984) and Wenzel, (1999), show that only a small percentage 
of students learn from lecture based instructions. Conversely, studies (Bransford et al, 
2000; Cooper et al, 2008, Johnson et al, 1991; Terenzini et al, 2001; Cabrera et al, 2002) 
show that teaching approaches that involve more student engagement can help students 
achieve academic success. To increase student engagement, inductive teaching and 
learning, which is a canopy term that includes instructional methods, should be 
implemented by science instructors. Inductive teaching exposes students to the why in 
terms of applications of chemical concepts followed by an explanation of these concepts 
instead of the more conventional approach of explain then apply that knowledge. For 
example, instead of introducing chemical concepts to students via explaining then 
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moving on to the application, instructors can begin instruction with a case study or a real 
world phenomenon for students to solve, which can lead them to inductively draw 
conclusions based on the information provided in the case study or real world 
phenomenon. Prince & Felder, (2006), on their study of inductive teaching methods, 
expressed that engineering and science courses are taught deductively, where the why of 
phenomena in not included. Instead, they believe that inductive teaching which includes a 
range of instructional methods such as problem-based learning, case-based teaching, 
project-based learning, etc., will help students better understand the ‘why’ of the 
phenomena, as in the case of this dissertation research on students’ DOK of gas 
stoichiometry and chemical equilibrium.  
 
Structure of Lab Activities to Promote Inductive  
Teaching and Learning 
Jalil (2006), found that an inductive approach to doing lab experiments help 
students better understand the chemical concepts taught during lecture. This finding is 
particularly important to my dissertation research in the sense that this inductive approach 
to doing laboratory experiment can help deepen students’ understanding (DOK) of gas 
stoichiometry and chemical equilibrium and other chemical phenomenon. During the 
follow up interviews for the study on students’ understanding and DOK of chemical 
equilibrium, students expressed their concerns that the laboratory activities had little to 
no effect on their learning of chemical concepts. They stated that they follow directions 
to laboratory experiments without fully understanding the underlying chemical concepts. 
This assertion has been explored by Mohrig (2004) and Tiberghien, Veillard, Le 
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Marechal, Buty, & Millar, (2001), who reported that conventional laboratory instruction 
is based on students following laboratory procedures rather than engaging in the 
investigation of chemical phenomenon. However, research show that inquiry base 
laboratory experiments can better engage students in the investigation and learning of 
chemical phenomenon, (Rudd II et al, 2001; NRC, 1996). Stout, (2015) in his study of an 
open inquiry experiment for general chemistry students, showed that inquiry-based 
methods such as guided inquiry is a more exploratory approach to doing an experiment 
rather than a procedural approach.  Particularly, such a guided inquiry method can 
encourage students such as those in this study of DOK of chemical equilibrium, to 
engage in levels of thinking that can help them better understand underlying concepts of 
chemical equilibrium and other chemical concepts.  
 
Time and Depth – Key Factors in  
Addressing Student’s DOK and Misconceptions 
During the follow up interviews for the study on students’ understanding and 
DOK of chemical equilibrium, students revealed that too much chemistry content is 
covered in a short period of time and therefore they are not able to achieve a good 
understanding of the chemical concepts. A study (Schwartz et al., 2008), done on 
breadth-based versus depth-based instruction, showed that undergraduate students who 
received breadth base instruction in high school are at a disadvantage when they enroll in 
college science courses including chemistry. Schwartz et al, (2008), posit that students 
will benefit if the pendulum swings back to instruction that focus on in-depth learning of 
concepts rather than a breadth of topics in a short span of time. The NRC, (2002), 
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reported that breadth-based teaching in any discipline, can hinder student’s from gaining 
a deeper understanding of the underlying concepts of that discipline, such as in the case 
of this research of students' DOK of gas stoichiometry and chemical equilibrium.  
In contrast to breadth-based approaches, depth-based teaching such as inductive 
teaching, which is an umbrella term for teaching methods such as problem-based 
learning, project-based learning, case-based learning or model-based inquiry can promote 
a deeper understanding of concepts at all levels of education, Windschitl et Al, (2008). 
Depth-based teaching promotes the major purpose of learning chemistry, which is for 
students to develop higher-order cognitive skills, (Zoller, 1999),  in order critically think 
of the chemical phenomenon taught (Good et al.,1985), and exhibit a good capacity for 
problem solving, (Bybee et al., 1997; Costa, 1991; Resnick, 1987; Robertson, 1988; 
Zoller, 1987, 1998, 1991a). However, one of the main challenges with depth-based 
instruction is the difficulty of implementing such teaching practices in large class sizes, 
(Carbone and Greenberg, 1998; Cooper & Robinson, 2000; Wulff et al, 1987). With large 
class sizes, instructors find that more resources are needed to effectively engage (Connell 
et al, 2016; Vajoczki et al, 2011) students in depth-base learning, which can be time 
consuming. College chemistry curriculum is arguably time-bound with significant topics, 
which must be covered within a semester. The topics covered in general chemistry I serve 
as a foundation for  general chemistry II and other levels of chemistry, therefore omission 
of some topics to delve deeper into others is not an option for some instructors. Hirsch 
(2001), suggest that the long debated depth versus breadth dichotomy exist only because 
sloganized polarity between the two is accepted by many. Murtagh, (2001) and Wright, 
(2000), suggest a balance between the two perspective of broad knowledge and deep 
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understanding is possible. Schwartz et al, (2008), in his study of depth versus breadth, 
confirmed the philosophical positions of Murtagh, (2001) and Wright, (2000), where 
there can be a balance between covering many topics versus depth of content. However, a 
glaring limitation of Schwartz et al’s study is that their analysis did not include concepts 
taught within a single class period or laboratory experiment, which does not address the 
issue of time limitations of depth-based teaching.  
My dissertation research was not constructed to resolve the issue of breadth 
versus depth teaching and learning, therefore methods such as those under the umbrella 
of inductive teaching to remedy such an issue can be further explored as an extension of 
this study in the future.  However, one of the key implications derived from the two 
separate studies of this dissertation research is that more depth is needed for the wide 
range of topics that instructors are required to teach within a semester. The topics that are 
covered in my chemistry classes are needed for other levels of chemistry including 
organic chemistry. To address the issue of the necessity for breadth and depth in my 
teaching, I adopted of couple of approaches such as the flip active classroom approach 
and the just in time teaching approach. The just-in-time teaching (jiTT), which was 
developed by the U.S. Air Force Academy and faculty from Davidson College and 
Indiana University, is considered as an inductive approach. For JiTT approach, before a 
concept is taught, students respond to concept question, which based on their responses 
will allow the instructor to modify the lecture accordingly. This method utilizes little time 
in the classroom and therefore can be implemented during each class.  
 The flip active classroom approach to teaching and learning, can provide students 
an opportunity to gain exposure to the content prior to lecture and promote deeper 
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learning in class. My lectures have shifted from teacher centered where I would lecture 
for most of the period with the occasional questions tossed out to the students where 
sometimes they respond and other times they don’t; to a student centered approach where 
each student is actively engaged in the learning.  To ensure that my students have done 
their part in learning at home, they respond to concept questions, which help me to 
determine modification of the lecture as necessary. This method allows for me to cover a 
wide range of topics while delving deeper into the concepts.  
 
 
Limitations and Future Research 
 
Although the use of the modified CRM has shown to be an effective assessment 
tool in measuring students’ depth of knowledge, some instructors may find this method of 
assessment challenging.  One main challenge to using this assessment method is large 
class enrollment which can prohibit timely feedback to students, since scoring MCQ is 
considered to be less time consuming than scoring written responses and other types of 
assessment methods (Tan et al, 2002).  Although it is easier to give timely feedback to 
students when solely using MCQ as a means of assessment, MCQ are constructed with 
the idea that the student understands the concept if he or she chooses the correct answer.  
Accordingly, constructive feedback through these types of questions is limited (Nicol, 
2007). Timely feedback that is constructive can help address students’ misconceptions, 
which in return can increase students’ understanding and learning of the concepts taught 
(Mullen & Schultz, 2012; Sadler, 1989). Questions, which require a student’s written 
response, allow more opportunities for the instructor to give constructive feedback to the 
student. However, a possible drawback of assessing written responses is often associated 
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with inconsistencies in grading written responses.   
Part of this challenge that many instructors encounter is developing coding 
schemes to analyze the range of responses to open-ended questions (Yan & 
Subramaniam, 2018). Instructors who use or who would like to use this type of 
assessment would find the coding scheme that was developed for this research, useful to 
gain insight into the depth of their students’ understanding of concepts taught. Many 
instructors agree that the use of open-ended questions and other written methods of 
assessment encourages metacognition and conceptual understanding of the content taught 
(Baker et al, 2008; Yore et al, 1999). The benefits to these types of assessments are 
significant in promoting understanding of chemical phenomena since they require the 
student to remember, understand and analyze information (Keys et al, 1999). With the 
overwhelming research that supports constructive feedback (Mullen & Schultz, 2012; 
Nicol, 2007; Sadler, 1989) through evidence-based assessment methods (Baker et al, 
2008; Keys et al, 1999; Yore et al, 1999), such as the one used in this research, I advocate 
for the use of assessment methods (which can include MCQ), to facilitate the detection of 




Study 1: DOK of Gas Stoichiometry 
 
A limitation to the study done on DOK of students’ understanding of gas 
stoichiometry is that a pre-test was not administered to assess what and how much 
students knew before being taught the concept of gases. In order to track changes in 
students’ DOK in learning of gases, I needed to first fully understand the different ideas 
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that students’ prior knowledge is made up as Haudek et al. (2012) suggested. In this 
study, I administered a MCT coupled with open-ended responses after the concept was 
taught. Although the purpose of the study was not to measure the change in DOK, 
administering a pre-test would provide probative value to help us to understand the 
different ideas and the levels of prior knowledge that students entered the course with. 
 
 
Study 2: DOK of Chemical Equilibrium 
 
The purpose of the study done on DOK of students’ understanding of chemical 
equilibrium was to measure the change in students’ DOK pre and post lecture. However, 
the change in each student’s DOK after responding to the pre and post questionnaires was 
not measured. Instead, students’ responses to the pre and post questionnaires were 
measured to determine if there was an overall increase or decrease in correct MCQ 
choices and assigned DOK levels. This can be remedied for future research, in which a 
better method would be implemented to ensure that instructors as well as students who 
participates in the study will follow protocol, where each student create a code (2 letters 
and 2 digits) in order to each individual’s progress between pre and post questionnaires. 
Nevertheless, the assessment method used in this study produced critical data that 
provided insight into what students know and how much they know about concepts of 
chemical equilibrium.  
 
Final Words: Outcome Assessment and Assessment Validity 
The use of effective assessment tools for assessing misconceptions and alternate 
conceptions in chemistry can lead to desired learning outcome expectations for students. 
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Information gained from data produced from such types of assessments can and should 
be used for measuring and improving student learning of chemical concepts. Dwyer et al., 
(2006), suggest that assessment should be considered as a comprehensive, iterative cycle 
of measuring” in the case of this dissertation research, DOK and misconceptions, and 
“using data to design and ultimately implement, effective curricular improvements in 
higher education.” Bruner (1970), on his work in ‘theories on instruction’ pose that 
“Learning depends on knowledge of results, at a time when, and at a place where, the 
knowledge can be used for correction.” The acquisition of such knowledge can have 
profound consequences for modeling instruction that can lead to the improving students’ 
understanding of chemical concepts. Based on the data that was mined in this study, there 
is ample evidence that informs how we as instructors should more accurately assess for 
students’ misconceptions and alternate conceptions. Based on the data that was mined in 
these two separate studies on determining students’ DOK of gas stoichiometry and 
chemical equilibrium, there is ample evidence that informs how we as instructors should 
assess for students’ misconceptions and alternate conceptions. The evidence is through 
the findings in the two separate studies conducted in this dissertation research, in which 
students’ misconceptions of gas stoichiometry and chemical equilibrium were not readily 
detected based on the fact that these students chose the correct answers to the MCQ. 
Based on the students’ answer choices to the MCQ, it can be assumed that they 
understand the concept enough to choose the correct MCQ answer. However, different 
degrees of misconceptions were detected within their written rationale to their correct 
MCQ answer choice. The findings from these two separate studies suggest that 
assessment methods that are solely comprised of MCQ do not give instructors insight into 
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students’ DOK or clearly detect any misconceptions they might hold of the concept(s) 
being assessed for. Therefore, the method of assessment used and the data produced in 
these two separate studies emphasize the need for instructors to utilize methods of 
assessment such as the one employed in this dissertation research to effectively determine 
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